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Abstract
The Miombo woodlands of southern Africa are a globally significant store of
carbon (C) and biodiversity. They also provide services for more than 150M people
across several of the world’s most economically impoverished countries. The Miombo
woodlands are dynamic, with extensive resource loss accompanied by areas of
regrowth and increase. Disturbance processes, both from natural processes and
widespread anthropogenic activities, are critical in maintaining woody biomass in
these ecosystems, although intensity of disturbance varies widely. Increase in woody
biomass has been observed in the Miombo, though the drivers of this trend are
uncertain and the fundamental constraints on trees and woodlands not well
understood. Ultimately, both losses and gains can be difficult to detect and hard to
attribute to a particular cause. The aim of this thesis is to use field data and remote
sensing to add to understanding of the constraints on tree populations in the Miombo
and the impacts of severe environmental disturbances and management interventions
on woodland structure.
Tree growth is a crucial demographic rate in African woodlands and plays a key
role in shaping woodland structure and C cycling. However, observations of tree
growth are relatively lacking in the Miombo and the determinants of tree growth rates
are poorly known. In Chapter 2 I use data collected from long-term monitoring of
permanent sample plots in Mozambique and Tanzania and linear mixed modelling to
estimate tree growth increments and assess the relative importance of different
determinants of tree growth. The estimated growth (diameter increment) in these plots
was 1.8 ± 0.17 mm/yr. Climate and edaphic factors explained little variation in tree
growth. Tree-tree competition was found to be a significant constraint on growth (trees
in experiencing competition levels in the top 5% of values grew 1.24 ± 0.08 mm/yr
slower on average than those in the bottom 5%) as was stem wounding (wounded
trees grew 0.84 ± 0.04 mm/yr slower). Root symbioses (both fungal and bacterial
symbionts) which aid in the uptake of nutrients were found to have a strong positive
impact on growth, particularly ectomycorrhizal associations which are common to
dominant species in the Miombo. The impacts of tree-tree competition and nutrient
symbioses are poorly represented in biogeochemical models in these ecosystems but
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this analysis suggests they are critical, whilst the subtle impacts of human interaction
with trees (through wounding) are also possibly underappreciated.
Tropical Cyclones can have substantial long-term impacts on woodland
structure in affected areas and projections indicate that the impacts of Cyclones will
increase in southeastern Africa over the coming century. There are few studies which
have documented the immediate impacts or long-term responses of woodland
ecosystems to this damage. In Chapter 3 I analyse data from a survey of eight
permanent sample plots setup explicitly to assess the damage caused by Cyclone Idai
to in woodlands in Gorongosa National Park, central Mozambique. It is found that
Cyclone Idai caused damage primarily to large trees, thus whilst only 2% of trees were
felled these individuals represented 8.5% of overall basal area. The implications of this
damage are discussed in context of the constraints on trees in these woodlands, and
whilst the damage is severe it is concluded that the outcomes are highly uncertain.
Whilst damage from the cyclone is substantial, detecting change in woodland
structure is challenging in these ecosystems. In Chapter 4 I explore the possibility of
upscaling field observations of treefall occurrence using data from a small unmanned
aerial vehicle (drone) and satellite radar. Drone survey produced comparable
estimates of treefall intensity to the PSP observations (in terms of fallen number of
stems, fallen basal area and carbon) and allowed survey of 155 ha, capturing
widespread damage across the study area. In the study area radar backscattering
intensity in C-Band radar reduced in the two years after the cyclone relative to the two
years before whilst interferometric coherence increased - both in agreement with radar
theory - although backscattering intensity in L-Band radar increased. Whilst significant
relationships were identified between change in radar data and the intensity of damage
in drone surveys, there appears to be limited ability to map variations in treefall
intensity across the wider landscape using this method, or to determine areal impacts
on above ground C thereafter. It is concluded that repeat analysis may yield better
results however.
In Tanzania, Village Land Forest Reserves (VLFRs, a form of participatory
forest management) aim to promote sustainable profit from woodland resources,
although the impact of VLFRs on land cover change rates is uncertain. In Chapter 5 I
use satellite radar to map deforestation and a degradation across an area of southern
iii

Tanzania from 2010-2018 and statistical matching to compare rates of land cover
change within a sample of VLFRs to woodlands under comparable resource pressure
outside VLFRs or other protection status. It is found that VLFRs in the majority of cases
were very effective in reducing deforestation (with five of seven having rates close to
zero) and also reduced degradation rates (though to a lesser degree). Increasing
density of woody biomass in forested areas was observed in all VLFRs, but varied
widely across the sample (from 0.2 - 1.5 tC ha yr-1) and was in five of seven VLFRs
below that observed in woodland areas with no protection status in this region (+0.7
tC ha yr-1). Whilst it appears that VLFR establishment achieved its intended goal of
sustainable profit from woodlands resources from 2010-2018, further work is required
to understand variation in outcome across the observed sample. This methodology
however shows promise in continued assessment of VLFR performance for this
purpose.

Lay summary
The savannas and woodlands of southern Africa are a globally significant store
of carbon (C) and biodiversity. They also support millions of people across several of
the world’s poorest countries. Human activities are widespread and extremely
important in these ecosystems. As such, in some areas of the Miombo trees are
decreasing whilst in others they are increasing. Detecting these changes and
determining the causes is difficult. In this thesis I try to add to our understanding of
change in woodland cover and structure in the Miombo using field and remotely
sensed analysis.
Tree growth is extremely important in structuring these woodlands, although
growth rates and the factors influencing growth are not well known. In Chapter 2 I use
data from long term measurements of trees in Mozambique and Tanzania to estimate
tree growth increments and assess the factors that influence tree growth in these
woodlands. Average growth rate was around 2 mm/year in these data. Whilst climate
and soil had little or no influence on tree growth, competition for resources between
trees did slow tree growth, as did wounding. Some trees in these woodlands use
symbiotic relationships with fungi and bacteria and these species had faster growth
rates. These observations can be used to improve understanding of patterns in
woodland structure and to improve carbon balance modelling for this region.
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Tropical Cyclones can cause severe damage to woodland ecosystems but field
observation of damage is often lacking and particularly so in southeastern Africa. In
Chapter 3 I analyse data from a survey of eight forest plots setup to assess the
damage caused to tree communities by Tropical Cyclone Idai in woodlands in
Gorongosa National Park, central Mozambique. Cyclone Idai caused widespread
damage and primarily to large important trees - quite different to other processes which
damage trees in these ecosystems such as fire and herbivory and possibly with
important implications for recovery in these woodlands in the coming years. In Chapter
4 I further attempt to use a drone to observe treefall occurrence over a larger area and
to link this to remote sensing data. The drone survey produced comparable estimates
of treefall intensity to the ground observations and allowed documentation of damage
over a much larger area. Attempts to link drone observations to satellite radar
produced mixed results – whilst relationships between the amount of carbon in fallen
trees and radar data are found, there appears to be limited ability to map patterns in
treefall using radar using this method.
In Tanzania, Village Land Forest Reserves (VLFRs) are established with the
aim of allowing communities to manage and profit from their woodlands resources
through sustainable extraction. The impact of VLFR establishment on woodland
resource condition has not been rigorously assessed, calling into question the impacts
of VLFRs on woodland resources and the suitability of this approach to sustainable
woodland management. In Chapter 5 I use radar remote sensing to map change
woodland structure across an area of southern Tanzania from 2010-2018 and
statistical techniques to isolate the effects of the VLFR establishment on rates of loss
of woodland resources. It is found that VLFRs did experience lower rates of loss than
unprotected areas nearby, but by widely varying amounts. More work is required to
understand the cause of these variable outcomes to aid management processes.
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1.1 The savannas and woodlands of Africa
1.1.1 Defining characteristics of an ambiguous classification
The savanna biome covers around one-sixth of the world’s terrestrial surface
and account for one-third of global Net Primary Production (Stevens, Lehmann, et al.
2016). The largest proportion of this area exists in Africa, where savanna covers
almost 50% of the continent and contributes significantly to global terrestrial Carbon
(C) cycling (Williams et al., 2007). Within this broadly defined savanna there is
considerable variation in structure leading to disparate terminologies (savannas,
savanna-woodlands, and woodlands) (see Frost in Campbell (1996)). One unifying
characteristic of savannas that distinguishes them from treeless grassland or forest is
the co-existence of trees with a more or less continuous layer of highly productive and
- in senescence - combustible C4 grass. This promotes frequent fire which is
profoundly important for maintaining ecosystem structure in these systems (Lehmann
et al. 2014; Saito et al. 2014).
Whilst tree-grass co-existence is a defining characteristic of savannas, it is not
an amicable relationship, and the model of these systems is one of aggressive
competition between the two (Scholes and Archer 1997). Rainfall climatology and its
interaction with fire regime is a critical constraint on both. In arid savannas (Mean
Annual Precipitation (MAP) < 650mm) available water cannot support sufficient grass
biomass to promote fire and trees are constrained primarily by water availability, whilst
areas with MAP > 2000mm are too moist for fire and - with sufficient water available
to support dense trees - the canopy cover will supress fire and dry forest formation is
likely (Staver, Archibald, and Levin 2011; Frost 1996). In intermediate rainfall both
savanna and forest conditions are possible and the woody structure becomes
disturbance constrained. Frequent and severe fire (supported by high grass biomass
in open canopies) greatly impacts recruitment rates in juvenile trees (Bond 2008; Bond
and Midgley 2012) whilst megaherbivory can negatively impact larger trees (Mograbi
et al. 2017) in both cases potentially greatly impacting trees populations. Alternatively,
any process that reduces the intensity of such disturbances (fire manipulation or
herbivore control) can positively impact tree populations (Daskin, Stalmans, and
Pringle 2016; Staver and Bond 2014). Whilst these feedbacks might reinforce stable
conditions of low or high woody cover, they also create systems that are potentially
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susceptible to changes in state due to changing climate and processes of natural or
anthropogenic disturbance (Staver, Archibald, and Levin 2011).
The “uneasy interaction” (Bond and Midgley 2012) of trees and grasses and the
competitive balance between the two forms are what make change in local and
regional woody structure of mesic savannas so important to study intensively over
coming years. Besides the global importance of savannas as stores of both C (Grace
et al. 2006; Frost 1996) and biodiversity (Murphy, Andersen, and Parr 2016), the
sometimes contrasting regional views taken towards these competing components
(trees vs grasses) of the landscape are also indicative of the complex range of uses
and conservation values attached to savanna landscapes across Africa (Veldman
2016).
1.1.2 Change in African savannas and woodlands
Recent studies across southern Africa have observed an underlying trend of
increase in trees (Buitenwerf et al. 2012; Russell and Ward 2014; Stevens, Erasmus,
et al. 2016; McNicol, Ryan, and Mitchard 2018). This trend which has been observed
across disparate savanna ecotypes and land use classes has widely attributed to
rising atmospheric CO2 (Donohue et al. 2013; Stevens, Lehmann, et al. 2016; Bond
and Midgley 2012). The C4 metabolic pathway used by most grass species in African
savannas evolved 3-8 M years ago during a period of sustained decline in atmospheric
CO2 concentration when ability to differentiate between CO2 and O2 in low CO2 and
high temperatures inferred great advantage (Edwards et al. 2010). As atmospheric
C02 concentrations climb to (and possibly beyond) levels experienced at any point
since, the costs of the C4 pathway exceed the benefits and C3 species show more
vigorous response in laboratory CO2 enrichment experiments (Kgope, Bond, and
Midgley 2010). The more vigorous response of woody species than co-existing
grasses to increased C02 concentration has widely been posited as the cause of
observed shifts towards a more tree dominated landscape (Kgope, Bond, and Midgley
2010; Bond and Midgley 2012; Buitenwerf et al. 2012).
However, any underlying trend of increase is strongly mediated by local and
regional factors (Devine et al. 2015; Furley et al. 2008; Smit et al. 2016; Venter,
Cramer, and Hawkins 2018), to the extent that Venter, Cramer, and Hawkins (2018)
find that 80% of the trend in woody increase can be explained by variables unrelated
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to atmospheric CO2. Human activities are responsible for a great deal of change in
savanna structure, and much of the extent of savannas in Africa has been modified by
humans for centuries (Campbell 1996). Although it is incorrect to say savannas are
human created ecosystems (see Veldman (2016)), anthropogenic activities have the
potential to outweigh any change in climate or variation in ecology in altering woody
structure (Brandt et al. 2017). The type and intensity of land use varies greatly across
the savannas of Africa. Whilst some land uses result in conversion (for example
commercial cropping), shifting cultivation and wood harvesting result in more subtle
losses in woody biomass that are nonetheless ecologically important and responsible
for more outright loss in woody resources in some regions of Africa (McNicol, Ryan,
and Mitchard 2018). Aside from direct use of resources, human activities alter the
spatial extent and intensity of the aforementioned disturbances of fire and herbivory.
Human ignition is responsible for a large proportion of fires occurring in the African
landscape ((Frost 1996), though humans also cause fragmentation of ecosystems that
alters the spread of fire (Archibald, Staver, and Levin 2012). Indications are that
despite growing populations, burned area in Africa has declined as a result (Archibald,
Staver, and Levin 2012), potentially to the benefit of woody plants. Meanwhile the
implications of human interactions with elephant populations can dramatically alter
local patterns of change in woodland structure (Daskin, Stalmans, and Pringle 2016;
Mograbi et al. 2017).
There are also environmental and ecological considerations that mediate
ecosystem responses to potential local and global drivers of woody biomass change.
Whilst climate is changing in southern Africa , trends vary across the region and
increase in woody biomass is most strongly associated with areas of increasing rainfall
(Venter, Cramer, and Hawkins 2018). Soil nutrient status and physical properties vary
considerably locally and regionally and both critical considerations in woody structure
through nutrient availability and also the accessibility of water resources (Mills et al.
2013; Case and Staver 2018). Functional traits of tree species vary in frequency in
different regions - whilst more arid African savannas are often dominated by Nitrogen
fixing trees (Pellegrini et al. 2016), species with tendency to form other symbioses
(namely ectomycorrhizal associations) are dominant in expansive regions of eastern
Africa (Högberg 2009). Functional traits of woody species influence the relationship
between woody structure and environmental constraints at continental scales
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(Lehmann et al. 2014). Variation in species and traits also therefore potentially
contribute to disparate ecosystem responses at local and regional scales in Africa.
As would be expected from the complex determinants, spatiotemporal trends
in woody biomass are highly variable at local and regional scales and areas of
significant loss are interspersed with areas of stability and gain (McNicol, Ryan, and
Mitchard 2018; Brandt et al. 2017) Likewise field based investigations show how over
small geographic distances temporal change in woody structure can be highly variable
(O'Connor, Puttick, and Hoffman 2014; Wigley, Bond, and Hoffman 2010). Resource
management processes need to reflect local environment and resource use
requirements and values (Lehmann and Parr 2016) and to do so local understanding
of the processes that are driving change in woody structure and the impacts of different
management strategies are required. There is however a relative dearth of
observations in some regions of the African continent which aim to observe the
constraints on trees or the impacts of specific events or processes on local and
regional woody structure. This is particularly the case for the Miombo woodlands of
southeastern Africa, a region experiencing substantial gain in woody biomass
concurrently with widespread loss (McNicol, Ryan, and Mitchard 2018; Venter,
Cramer, and Hawkins 2018)
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1.2 The Miombo woodlands
1.2.1 Environment and ecology of the Miombo
The Miombo woodlands ecoregion covers approximately 2.7 million-km2 of the
Central African Plateau, encapsulating large expanses of Mozambique, Tanzania,
Zambia, Zimbabwe and Malawi and extending westwards across Democratic Republic
of the Congo and into Angola

Figure 1.1 Approximate extent of the Miombo Ecoregion in southern Africa (White 1983)

Miombo woodlands are mesic savannas, with Mean Annual Precipitation (MAP)
ranging from 540-1720 mm. It is common to distinguish between ‘dry’ and ‘wet’
Miombo along the 1000mm isohyet, with aboveground biomass (AGB) increasing with
mean annual rainfall and above 1200mm MAP structure grading into dry forest (Frost
1996). Most of this precipitation occurs October-April, though the length of this season
varies from 5-7 months and in some localities this period captures two distinct rainy
periods (Frost 1996). The rest of the year characterised by very low rainfall and rising
temperatures from August-October. Fire - mostly originating from anthropogenic
ignition sources (Chidumayo 1997) - is frequent in the dry season, with estimates of
return period between 1.6-3 years (Frost 1996). Repeat occurrence of severe (late dry
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season) fire can have dramatic effects on woody vegetation structure (Ryan and
Williams 2011; Furley et al. 2008).
Soils of this region are derived from Central African Plateau and are for the
most part well-drained, leached and acidic with low cation exchange capacity and low
phosphorus (P) (Frost 1996). A defining characteristic of the Miombo is the canopy
dominance of species of the Deterioideae, namely Brachystegia and Julbernardia.
Amongst this sub-family of legumes the tendency to form symbiotic relationships with
ectomycorrhizal (ECM) fungi is common - unique amongst tropical ecosystems
(Steidinger et al. 2019; Ba et al. 2012) and facilitating the conversion of inorganic P
into biologically available forms in largely depleted soils (Högberg 2009). Other
characteristics of these species also potentially advantageous in well drained and
nutrient poor conditions, including aggressive (deep and laterally expansive) rooting
(Casper, Schenk, and Jackson 2003; Timberlake 1993). Even with the dominance of
these canopy species, there is great variation in woody structure owing to the effects
land use history, fire regime and edaphic conditions.
1.2.2 Woodland resource use in the Miombo
The Miombo has been subject to cultivation and resource extraction for
thousands of years (Lawton 1978; Campbell 1996) and for the current population of
this region the economic and social significance of Miombo woodlands and ecosystem
services they provide is hard to overstate. Numerous countries within the Miombo
ecoregion are amongst the most impoverished in the world by international indicators
(Campbell et al. 2007). Particularly for the rural poor, timber and non-timber forest
products are a critical means of maintaining household resilience to shifting personal
social and political circumstances and the effects of – in recent years, frequent –
climatic catastrophes (Dewees et al. 2010). It is estimated that the Miombo (and
Mopane) woodlands directly and indirectly support 100 million rural residents and a
further 50 million urban residents (Ryan et al. 2016). Agriculture is the cause of the
largest proportion of overall woodland resource loss in this region (Doggart et al. 2020;
Curtis et al. 2018). Agricultural activities rarely occur in isolation however, with
agricultural conversion often associated with other land management activities,
particularly timber harvesting and charcoal production which also causes substantial
amounts of resource degradation (Doggart et al. 2020; Sedano et al. 2021). The vast
proportion of overall national energy production is directly drawn from woodland
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resources in the form of charcoal for urban residents and of fuelwood for rural
populations (Ryan et al. 2016).
Human activities are intensifying rapidly in some regions due to growing
populations and increasing integration into of Miombo countries into global commodity
markets (Dewees et al. 2010). Whilst areas of commodity cropping are increasing,
growing populations reliant on subsistence agriculture has led to intensification of
practices (reduced fallow and larger farmed areas) (Campbell 1996). Total energy
consumption increased by 2.8% annually between 2000-2012 but the proportion of
this produced from wood sources remained high (76%, down from 81% during the
same period) (Ryan et al. 2016). Progressive waves of resource loss emanate from
urban centres and increase in rural fuel demand has already led to the realisation of
fuelwood scarcity in some regions (Scheid et al. 2018; Ahrends et al. 2010). As in
many other regions of the world there has been a shift towards devolution of
management of woodland and forest resources across much of the Miombo with
resource rights increasingly being shifted to local communities and stakeholders
(Dewees et al. 2010). Also as observed elsewhere, the outcomes of these approaches
are mixed in terms of societal wellbeing and resource condition (Persha and Blomley
2009).
Between 2007 and 2010 assessment of woody biomass change across the
entire Miombo ecoregion found losses to be offset by extensive growth (McNicol,
Ryan, and Mitchard 2018) and simulations predict that AGB will respond positively to
increasing CO2 (Saito et al. 2014). Nonetheless, the combination of increasing human
resource pressure from national and international actors and changing climates means
that future of woodland resources in the Miombo is uncertain.
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1.3 Study Sites

19 permanent sample plots (measured 2010, 2012, 2017/18)
7 Village Land Forest Reserves

7 permanent sample plots (measured 2005, 2006, 2010, 2017)
8 permanent sample plots (established in 2019)
33 drone survey plots (measured in 2019)

Figure 1.2 Study site locations; Gorongosa District, Mozambique and Lindi Region, Tanzania.
Coincident vegetation communities from (White, 1983). Annotations are brief summary of the datasets
used from the two locations. Bold years indicate date was collected wholly or partly by me.

1.3.1 Gorongosa District, Mozambique
Three of four of the chapters in this thesis are based on work conducted wholly
or partly in the Gorongosa District of Sofala, Mozambique and specifically within (and
in the cases of some plot measurements marginally outside) Parque nacional de
Gorongosa (Gorongosa National Park, GNP). Located on the southern extension of
the East African Rift valley, GNP is located in an area of exceptional current and past
ecological diversity and possibly a critical region in evolution and migration of early
hominids and thus the evolution of human kind (Habermann et al. 2019). Rainfall
varies considerably due to changes in elevation, ranging from 700mm MAP in the Rift
Valley floor to >1000mm on the Cheringoma Plateau in the east of the park (and even
beyond 2000mm to the west on Gorongosa Mountain). Whilst the valley floor is
predominantly Acacia-Combretum woodland and grasslands the Cheringoma Plateau
is predominantly Miombo and Miombo with Acacia and Combretum. GNP has been
subject to sweeping reforms of management in the previous five decades. During the
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Mozambican civil war (1977 – 1992) the Park experienced dramatic changes in
vegetation structure throughout much of its extent due to the defuanation during this
period (Daskin, Stalmans, and Pringle 2016; Pringle 2017). Since 2004 GNP has been
the subject of significant conservation efforts resulting in a huge recovery of
mammalian herbivores, though how this has impacted vegetation structure has not
been assessed in the intervening time. Whilst conservation science and education
initiatives inside GNP thrive, efforts to engage with local communities (see Pringle
(2017)) appear to have had mixed success and communities located within the buffer
zone – such as the Nhambita community, who collaborated in PSP establishment and
re-measurement - are extremely poor and occasionally in conflict with Park
administration.
An agroforestry project (the Sofala Community Carbon Project) initiated in 2003
facilitated the establishment of 15 1 ha Permanent Sample Plots (PSPs), originally
measured in 2005. Following the project several of these where abandoned and a
2010 survey returned to assess 8 of them. In March 2017 I visited to attempt to revive
them again and was able to locate 7 plots in workable condition, 4 within the park itself
and three within the “buffer zone”. These were re-measured in 2017 and are used in
growth modelling work here. In 2019 GNP (and indeed the whole Beira corridor) were
subject to the catastrophic impacts of Cyclone Idai. In the dry season of that year I
returned to Mozambique to establish more PSPs to assess the impacts of the cyclone
on woodlands and forests in Gorongosa, this time focussing on the south-east of the
GNP on the southern Cheringoma Plateau, working with members of the Muanza
community. This work was conducted as part of the Cyclone Experiment (CyclEx)
project (principal investigator Casey Ryan).
1.3.2 Kilwa District, Tanzania
Two of four of the chapters in this thesis are based on worked conducted wholly
or partly in Lindi Region, Tanzania. Lindi is one of the drier and hotter regions of
Tanzania, with MAP around 900 mm with a slight gradient from the coastal area which
generally has >1000mm. Inter-seasonal variation rainfall is high. Current populations
in this region are low (13 persons km-2) and with a strong spatial bias towards areas
on the coast and to the south of the region. Accordingly Lindi is amongst the regions
in Tanzania with the most woodland and forest area, though pressure on woodland
resources and land area is increasing significantly in this region (Ahrends et al. 2010).
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Along the coastal stretch there are fragmented areas of highly diverse and biologically
significant remnant Coastal Forest, interspersed with Miombo, whilst inland the
vegetation is primarily Miombo type.
Work undertaken in Kilwa was done so in collaboration with the Kilwa based
Non-Governmental Organisation (NGO) Mpingo Conservations and Development
Initiative (MCDI). One significant activity of MCDI is to aid villages in the establishment
and Forest Stewardship Council (FSC) certification of Village Land Forest Reserves
(VLFRs – a form of community-based forest management) for the purpose of
sustainable profit from high value forest resources. In 2009 MCDI was selected and
funded to implement a Reducing Emissions from Deforestation and Degradation
(REDD) project to develop methods for enacting this goal. Part of this work involved
the establishment in 2010 of 25 PSPs in association with the University of Edinburgh
(UoE) to assess woodland structure and composition. PSP methodology was based
on learning from and refinement of the approaches taken in Gorongosa. Re-measured
in collaboration with MCDI in 2012 and then again in 2017/18 represent one of the
best examples of a long term PSP network in southern Africa (see SEOSAW (2020)).
I spent a short period (3 weeks) re-measuring these plots in 2017 and co-ordinated
the entry and cleaning of data received from the 18 re-measured plots and use them
for growth modelling. I later used both the PSP data (for satellite biomass validation)
and spatial data provided by MCDI for 7 of their VLFR projects to assess Land Cover
Change (LCC) in the wider Lindi Region and assess the impacts of VLFR
establishment on LCC rates.

1.4 Thesis outline
1.4.1. Overall aim
The aim of this thesis is to improve our understanding of the factors that are
contributing to change in woody biomass structure in the Miombo woodlands of
Mozambique and Tanzania. I will consider the fundamental constraints on trees, the
damage caused by catastrophic environmental events and the impacts of land
management on land cover change. These themes will be covered in four chapters
which more or less stand alone despite sharing common data, followed by a
discussion of the implications of this work and the further work it invites.
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1.4.2. Chapter 2. What constraints tree growth in Miombo woodlands?
Tree growth rates are a crucial demographic rate and extremely important to
the evolution of woodlands structure in this region. There has been until recently a
relative dearth of observations of growth rates of trees in the Miombo ecoregion,
limiting understanding of the constraints on tree growth (Swemmer and Ward 2019).
Here I use long term PSP measurements to estimate growth rates using 25 PSPs
situated across multiple land use types. I will attempt to address the following
questions:
1. What are the constraints on tree growth in Miombo woodlands?
2. How do these findings fit with the wider literature on determinants of
structure in savannas?
1.4.3. Chapter 3. How do tropical cyclones impact Miombo woodlands?
Tropical cyclones have had a huge social and economic in some parts of the
Miombo ecoregion in the last 5 years and the frequency of landfall events will
potentially increase with changing climates (Fitchett 2018). The impacts on woodlands
resources have not been observed in southeastern Africa, despite the possible
importance for the long term stability of woodlands ecosystems. Here I use initial
inventory of 8 PSPs established in Gorongosa National Park following Tropical
Cyclone Idai to assess the extent of the damage caused. I will attempt to address the
following questions:
1. What is the nature of the damage caused by Tropical Cyclone Idai in these
woodlands?
2. Based on our understanding from Chapter 1 and wider literature, what are the
possible implications for long term ecosystem structure?
1.4.4. Chapter 4. A multi-scale approach for assessing Tropical Cyclone damage to
Miombo woodlands at the landscape scale.
Whilst the damage observed to trees and stands of trees is significant,
extrapolating this to the landscape scale and relating observed damage to remote
sensing data is challenging in this region. It is nonetheless extremely important to
develop readily deployable methods for assessing this damage as it provides critical
information to resource management activities. I will attempt to determine the
following:
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1. Can a photographic unmanned aerial vehicle survey be used to map Cyclone
damage intensity?
2. Can observations from UAV assessment be linked to change in radar remote
sensing data?
1.4.5. Chapter 5. How does Community Based Forest Management impact Land
Cover Change in Tanzania?
Community based forest management (CBFM) aims to promote ecologically
sustainable profit from woodland and forest resources and has become a widespread
form of resource management in Tanzania under the 2002 Forest Act. The impact
VLFR establishment has on Land Cover Change (LCC) has not been rigorously
assessed. Here I use a sample of 7 VLFRs in Lindi, Tanzania to assess rates of LCC
within VLFRs relative to those in comparable areas outside. I will attempt to address
the following questions.
1. How do deforestation (conversion) rates in VLFRs compare to areas outside?
2. How do degradation (substantial losses from areas remaining forested)
compare to rates outside?
1.4.6 Chapter 6. Conclusions and further questions
I finish with a discussion of the importance of the findings of the four chapters,
organised broadly into a discussion of the factors influencing tree growth, the possible
impacts of cyclones in this region in the forthcoming century and the impacts of human
activities against an apparent background trend of increasing woody biomass in this
region.
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Tree-tree competition and stem wounding constrain tree growth
increment in African woodlands

Erythrophleum africanum
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2.1 Summary
Tree growth is a crucial demographic rate in tropical woodland and savannas
and plays a key role in landscape scale carbon cycling and the evolution of patterns
of woody structure in these ecosystems. However, estimates of tree growth rates are
lacking for some regions of southern Africa, and the relative importance of different
constraints on tree growth is poorly known. This is particularly the case for the Miombo
woodlands of SE Africa.
Recent research indicates that even in sparsely treed tropical woodlands and
savannas, tree-tree competition can be a significant constraint on tree growth
increment. It is not however known if this finding is applicable across the broad
ecological and environmental envelope or under the variable but often heavy level of
disturbance that is common to the Miombo. Studies that observe tree growth rates and
the constraints on tree growth across a range of environmental conditions and
disturbance regimes are therefore required.
Here long term tree demography data from 26 x 1 ha plots at two sites in the
miombo woodlands of SE Africa are used to understand the processes that control the
growth of 6901 stems over 15 years. Mean diameter increment was 1.8 ± 0.17 mm/yr.
Key

factors

determining

growth

rates

were

symbiotic

root

associations

(ectomycorrhizal, standardized coefficient = + 2.2; N-fixation = + 0.6) and precipitation
seasonality (+ 1.2). Competition (-1.2) and wounding (-0.8) played major roles in
reducing growth, with competition particularly important because of both a strong
effect and high prevalence. Competitive effects were detected up to 20 m from each
stem. Fire frequency, soil texture and chemistry, and mean annual rainfall had no
detectable effects on increment. As expected, stems that were part of a multi-stemmed
had slower growth (-0.6), as did stems that were near or at the point of death (-2.0).
These results, from plots in a range of land use types and disturbance
intensities, add new understanding of tree growth rates and constraints on tree growth
in Miombo woodlands. Firstly, as in forests, the competition from neighbouring trees
did restrict tree growth, here in spite of high levels of disturbance which might be
thought to reduce the effects of competition. The strong effect of even minor wounds
on reducing growth is also important and is likely a key process by which fire reduces
growth rates. Taken together, these results suggest that tree-grass coexistence in
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these woody savannas may, in part, be explained by a ‘balanced competition’ model
whereby tree biomass is self-limiting at levels that allow the grass layer to develop.
Secondly, nutrient symbioses were associated with much faster tree growth rates in
these plots, and whilst this was most obvious in ectomycorrhizal species, a smaller but
still substantial growth advantage was observed in N-fixing species, despite this
tendency being mostly associated with the more arid savannas. These results have
potentially important implications for how these systems and their carbon dynamics
are managed locally and modelled globally, particularly in light of change in resource
pressure and regional and global climates over the coming century.

2.2 Introduction
Large regions of southern Africa have climatic conditions that could support
forest or alternatively open unwooded grasslands and yet support woodlands (Bond
2008; Murphy and Bowman 2012; Sankaran et al. 2005). Tree demographic rates
(growth, recruitment and mortality) are critical in determining the balance between
open and wooded conditions. Principal amongst these rates are tree growth rates
which determine the accumulation of woody plant biomass in adult trees and are
critically important for the demographic process of recruitment to disturbance-resistant
size classes. Both mechanisms of biomass accumulation are crucial to landscapescale woody biomass dynamics (Bond and Midgley 2012; Staver and Bond 2014;
Swemmer and Ward 2019). The factors that determine tree growth, although complex
and regionally variable, are well understood in tropical forests (Baker, Swaine, and
Burslem 2003; Dong et al. 2012; Rozendaal et al. 2020; Soong et al. 2020) but are
relatively poorly constrained in the woodlands of Africa (Swemmer and Ward 2019).
The factors that determine tree growth, although complex and regionally
variable, are well understood in tropical forests (Baker, Swaine, and Burslem 2003;
Dong et al. 2012; Rozendaal et al. 2020; Soong et al. 2020) but are relatively poorly
constrained in the woodlands of Africa (Swemmer and Ward 2019). Tree growth is
influenced by a fundamental biological and environmental controls which vary at
landscape, species and individual scales (Bond 2008). Overall amount and seasonal
variation in rainfall together which determine the accessibility of growth resources in
terms of both seasonal variation and physical accessibility to rooting structures
(Pellegrini 2016; Lehmann et al. 2011; Case and Staver 2018; Kulmatiski and Beard
2013). Owing to low water and (often) relatively low nutrient availability, trees in these
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ecosystems have adaptations that improve ability to access resources, though the
prevalence of these traits varies regionally, driven by climatological controls on water
availability and decomposition rates (Steidinger et al. 2019). Symbiotic relationships
with N2 fixing bacteria (N-fixation) are common in the arid savannas of South Africa
where the increased water use efficiency (WUE) inferred by this trait is most
advantageous in dry season periods (Reyes-García et al. 2012; Pellegrini et al. 2016).
The Detarioideae that dominate the Miombo woodlands of Mozambique, Tanzania and
Zimbabwe form associations with ectomycorrhizal (ECM) associations with fungi.
Here, increased ability to access inorganic P in nutrient leached soils is the key
advantage inferred (Högberg 2009). The extent to which these symbioses benefit tree
performance is however not well documented. These fundamental climatological and
ecological factors work in tandem to determine the overall pool of nutrient resources
available and the ability of trees and grasses to exploit them.
Discussion of competitive interactions in these ecosystems has focussed on
the interactions between co-existing trees and grasses and the principle of niche
separation (Bond 2008; Bond and Midgley 2012; Scholes and Archer 1997). An often
overlooked but hypothetically very important constraint on trees in tropical savannas
and woodlands is resource competition between trees. Tree-tree competition has been
shown to be critical in determining structure of tropical forests (Hubbell, Ahumada,
Condit, and Foster 2001; Lewis et al. 2013), with recent study suggesting that the
effects of tree-tree competition are primarily realised through limitation in tree growth
as opposed to tree mortality (Rozendaal et al. 2020). Although savannas are sparsely
treed compared to tropical forests, high seasonality in water resource availability
(Good and Caylor 2011), often poor soil status and vigorous competition from grasses
make them highly competitive environments for trees (Bond and Midgley 2012), and
potentially ones in which trees compete with other trees aggressively with each other
for resources over extensive areas (Casper, Schenk, and Jackson 2003; Timberlake
1993).
Theoretical studies of tree-tree competition in tropical woodlands and savannas
have focussed on the process of competitive self-thinning (Calabrese et al. 2010;
Wiegand et al. 2008). Calabrese et al. (2010) for example develop a stochastic cellular
process for modelling stem density response to competitive effects and fire and find
that the effects of competition have a greater effect on stem density than fire (although
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the two interact non-linearly). The assertions of these works have been supported by
empirical evidence of self-thinning of tree populations in fire protected savanna plots
in South Africa (Sea and Hanan 2012). Empirical studies aiming to observe the effect
of competition specifically on tree growth rates have produced mixed results.
Observing the effect of competing stem removal (within a 5m neighbourhood) on focal
stem growth in savannas across a disturbance gradient in south Africa, Shackleton
(2002) found evidence for growth limitation by tree-tree competition in only 4 of 45
sites. Amongst factors that contribute to observable tree-tree competition effects are
rainfall amount (sites with higher rainfall) and species composition (sites with lower
species diversity) (Shackleton 2002). In 10 year longitudinal study of tree growth in
Acacia-dominated herbivore and fire exclusions in Kenya, Dohn et al. (2017) found
evidence for growth rate limitation due to competitive interactions between stems in
competitor neighbourhoods of up to 5m. Other studies have however found limited or
no evidence for limitation of tree growth by tree-tree competition. In a disturbed
Kalahari sand woodland-savanna in Zimbabwe (Holdo 2009) competitive limitation of
growth was found for only for a small number of the fastest growing species.
In many tropical savannas and woodlands evidence for tree growth limitation
by tree-tree competition may be limited due to the overriding influence of chronic
disturbance (Holdo 2009; Sankaran et al. 2005). With levels of disturbance tree
communities may be prevented from reaching their potential (the maximum
productivity given the underlying resource base they are competing for) by
independent factors, minimising the importance of intraspecific competition. Fire is
ubiquitous in savannas globally and studies in Africa, Australia and South America
indicate that fire is pivotal in shaping landscape scale patterns in woody biomass
globally (Bond 2008; Devine et al. 2017; Case and Staver 2016; Lehmann et al. 2014).
Locally increased fire frequency and/or fire intensity have demonstrable negative
impacts in growth increment in trees of Australian savannas where fire is frequent and
often severe (Murphy, Russell-Smith, and Prior 2010; Prior et al. 2006). In African
savannas mega-herbivory imposes constraints on tree growth, though the effect of
herbivory on growth increment is complex and depends on the variation in temporal
intensity of browsing and grazing activities and grazing-fire interactions (Staver and
Bond 2014; Staver et al. 2012).

21

Chapter 2. Tree growth
Anthropogenic activities represent a further overarching disturbance. The
woodlands of southeastern Africa are subject to considerable pressure from human
resource extraction (Ryan et al. 2016; Campbell 1996). Manipulation of fire regime
and control of herbivores are common and used as management techniques to sustain
many forms of resource provision in the woodlands of southern Africa. Alteration of
fire and herbivory regimes have demonstrably led to significant and rapidly occurring
shifts in landscape scale woody biomass distribution (Daskin, Stalmans, and Pringle
2016). Other widespread human practices such as marking and harvesting of bark
result in less severe direct wounding of individual stems. Whilst some evidence
suggests that these kinds of wounds have negligible impacts on growth (Holdo 2009),
others suggest it may have great impact (Helm et al. 2011; Yeaton 1988). If realised,
subtle but pervasive impacts of such activities on individual trees may be important at
larger scales.
Establishing estimates of tree growth rates and the determinants of tree growth
in the Miombo is a high priority. Ecosystem services from the Miombo woodlands
support 150 M people (Ryan et al. 2016) and tree growth determines the rates of wood
resource extraction that are sustainable. These woodlands are also a globally
significant sink of C and one that is relatively poorly understood and, based on regional
assessments of biomass change, highly dynamic (McNicol, Ryan, and Mitchard 2018).
In order for land surface models to accurately represent C cycles in this region the
determinants of tree growth need to be well constrained based on empirical
observations across a range of conditions. Here I use linear mixed modelling and data
from 26 permanent sample plots from a range of management regimes to establish
estimates of tree growth rates and the constraints on tree growth in these woodlands
including proxies of resource availability, disturbance and tree-tree competition.

2.3 Chapter Aims
I aim to answer the following questions:
1. What are tree growth rate in Miombo woodlands?
2. What are the primary environmental and ecological factors associated with
tree growth increments?
3. Does tree-tree competition limit tree growth in these woodlands?
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2.4 Methods
2.4.1 Plot measurement

Figure 2.1 Study site locations; Gorongosa District, Mozambique and Lindi Region, Tanzania including
land management categories.Village Land Forest Reserves are a form of community-based forest
management in Tanzania.

Twenty-six Permanent Sample Plots (PSPs) located in the Gorongosa District
of Mozambique (hereon referred to as Nhambita PSPs) and the Kilwa District of
Tanzania (hereon Kilwa PSPs) provided stem data to undertake growth rate analysis.
Nhambita PSPs were established in 2006 and of 15 originally setup seven were remeasured in 2017. Kilwa PSPs were established in 2010 and re-measured in 2012
and 2017/2018. Of the 25 originally setup 19 were re-measured in the 2017/18
campaign and used in this analysis. Collectively data from these PSPs included
observations of 14859 stems and of these 12425 had repeat observations. Plot
measurement and data recording protocol used in Nhambita and Kilwa sites was
similar to the recommended methods of the Socio Ecological Observatory for Southern
African Woodlands (SEOSAW) plot measurement protocol, with these plots forming
for

the

basis

of

the

methodology

in

the

SEOSAW

document

(https://seosaw.github.io/publications.html). This approach utilises the attachment of
tags to provide a much higher degree of accuracy in repeat identification of individuals
and consistency in selection of point of measurement (POM) between surveys. All
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plots are setup with fixed permanent corner markers and upon initiation of survey a
grid is established allowing accurate spatial location of existing and new stems within
the plot (superior to a GPS based stem location method as the spatial error is much
smaller).
2.4.2 Modelling growth increment
A linear growth model was developed with to assess the significance of different
potential constraints on growth increment. Although there is evidence that diameter
growth of a stems is not linear over the stem life cycle the utilisation of a linear
modelling approach to diameter increment growth modelling is common where the
overall survey period is less than 15 years as it is here (Dong et al. 2012; Prior et al.
2006). Typically, a linear modelling approach would fit a linear model of individual
measured stem diameter against time on a stem-by-stem basis to derive a stem-level
growth increment. Error in diameter measurements is however potentially high and
also unquantifiable. This approach (using a stem-level modelled input with unknown
error in the overall dataset level model) is therefore problematic.
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Here a simple growth model is devised in which the response of stem diameter
to year is modelled at the level of the dataset. Initial values of diameter and year of
observation for each stem are subtracted from subsequent observations and an
intercept of zero forced in the model. Ecological and climatological constraints on
growth are included as interactions with the relationship of change in diameter from
original value and change in year from initial stem observation taking the following
form.
DiameterStem,Plot,Species,Year = α +
β1 x Year +

(fixed effect of Year)

ZVar1 x Year +
………

(fixed effects: interactions with Year)

ZVar14 x Year +
(bStem x Year) +
(bPlot x Year) +

(random effects)

(bSpecies x Year) +

ɛStem,Plot,Species,Year
Stem = 1,..,6901, Species = 1,…,165, Plot = 1,..,19, Year = 1,…,11

Where:
DiameterStem,Plot,Species,Year = Diameter change from initial measurement of stem
α = forced intercept (0)
β1 = fixed effect of time (slope of diameter with time from initial measurement)
ZVarn = interactions of explanatory variables (listed in Table 2-2) with the slope of
diameter with time from initial measurement
bStem,Plot,Species = random effects (Stem ID, Plot ID, Species)

In R syntax using the LME4 package:
Model <- lmer(ΔDiameter ~ 0 + ΔYear +
ΔYear: Variable1 + ΔYear: Variable2…. + ΔYear: Variable14 +
(0 + ΔYear | StemID) +
(0 + ΔYear | PlotID) +
(0 + ΔYear | Species) )
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No higher order interactions are considered. To draw an ecologically rational
example from the model, the effect of precipitation seasonality on slope of diameter of
time is not allowed to vary with soil fraction of clay. Plot ID and stem unique ID and
species are included as random effects. The environmental, ecological variables and
stem level characteristics used as predictors for stem growth are listed in Table 2-2.
Linear explanatory variables are standardised by subtracting the mean and dividing
by two standard deviations to make parameters more easily interpretable when
considering binary input variables (Gelman and Hill 2007). To minimise the degree of
error in repeat surveys a simple growth increment was calculated for each stem as a
fundamental quality assurance check. Stems with an annual growth increment of more
than 35 mm over the period of their observation were isolated and corrections were
applied to these records where possible using corroboration with other survey records
for the same individual and with datasheets used to ensure data entry error was not
responsible. No filtering of stems with negative increments was undertaken.
2.4.3 Competition
Organism level competition was calculated based on size and distancedependent Hegyi index (Hegyi 1974). Distance-dependent models such as Hegyi
index perform better than distance-independent models in woodlands with complex
stand structures and variable stem density (Contreras, Affleck, and Chung 2011) and
are therefore well suited to these woodlands. Organism level heterospecific
competition (CHe) was derived for every stem observation (i.e. calculated
independently for survey) using the Pairwise competition kernel function from the R
package “Siplab” (García 2014). The basal area of all stems in a given organism were
summed to produce an Effective Diameter (De) for each organism. In the case of multistemmed organisms the XY co-ordinate of the organism was then taken as the mean
of the XY co-ordinates of the stems in that group. Even when considering organisms
(as opposed to individual stems) some organisms where found to be overlapping by a
small distance (due presumably to small errors in location between repeat surveys),
leading to a number of stems having Infinite competition values. An additional 1 m was
added to all pairwise distance calculations (in a similar fashion to Hegyi (1974)) to
overcome this problem whilst not altering the scaling of stem competition.
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𝑛

𝐶𝐻𝑒 = ∑

𝑖=1

𝐷𝑒𝑖 /(𝐷𝑒𝑓 𝑥 𝐷𝑖𝑠𝑡𝑓𝑖 )

Where: CHe = Hegyi Index
Dei = Effective Diameter of competitor tree (mm)
Def = Effective Diameter of focal tree (mm)
Distfi = Distance between focal and competitor tree + 1 (m)
A range of CHe values were calculated for each organism using this method
with competition neighbourhoods varying from 5-25 m (in 5 m increments). For all
competition neighbourhood sizes an unlimited number of competitors were considered
within the given neighbourhood. In order to avoid edge effects organisms less than r
from the edge of the plot were excluded. The CHe calculated at the organismal level
was then assigned to all stems belonging to that organism.
2.4.4 Nutrient strategies
Stems were assigned a binary non-N-fixing/N-fixing classification based on the
identified species using the Appendices of Sprent (2009). No such resource exists
describing the tendency for tropical tree species to develop ectomycorrhizal (ECM) or
Arbuscular mycorrhizal (AM) associations despite recent research indicating they
have distinct and important roles in plant-soil feedbacks (Kadowaki et al. 2018).
Although common to a number of plant families globally, within these woodlands ECM
associations are restricted to only a few sub-families. Stems were assigned a binary
non-AM/AM classification based on identified species using lists presented by Ba et
al. (2012) and Averill et al. (2019). If a species was recorded as having multiple
symbioses in these sources, it was attributed positively for each of them individually.
Of 165 species in the overall dataset, 68 were present in at least one (often more) of
the consulted sources with confirmed positive status for one or more of the three
nutrient strategies. 62 species were attributed no nutrient strategy. These species
were either present in sources with negative status, absent from any of the sources
used or belonging to genera that had records present in sources with consistently
negative status for the given nutrient strategy. 35 species were attributed strategy
based on taxonomic identity. This group included species that were absent from
sources, but belonged to genera that had several species present in sources that
consistently exhibited presence of the trait.
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2.4.5 Environmental Conditions
Soil samples were collected at both sites at 9 points on each plot using volume
specific sampling (Ryan, Williams, and Grace 2011; McNicol, Ryan, and Williams
2015), and were collected in 2008 for Nhambita and 2012 for Kilwa. In Kilwa soil from
0-30 cm depth was sampled in one core, whilst in Nhambita samples taken at 0-15 cm
and 15-25 cm and a depth-weighted average used. These approaches were
considered comparable for modelling purposes. Soil C:N, pH and clay content were
estimated using standard methods (Ryan 2011). Soil phosphorus data was only
available for the Kilwa dataset and therefore had to be omitted. Climatic variables were
extracted for all plots from World Clim2 (Fick and Hijmans 2017) using the Raster
package in R. The range of values for each of the environmental variables for the sites
and the overall dataset is presented in Table 2-1. As fundamental constraints on tree
growth both Mean Annual Precipitation (MAP) and seasonality of precipitation were
included, with other Climatic variables found to be highly correlated (Appendix Figure
A.1.1).
Table 2-1 Environmental conditions in Permanent Sample Plots. Range for each variable within Kilwa
and Nhambita sites and overall range across both sites.

pH
Kilwa

Fraction
Clay

Temperature Carbon:Nitrogen mean
ratio (averaged annual
0-30 cm depth) (°C)

Temperature minimum
monthly
(°C)

Temperature coefficient of
variation in
monthly
temperature

Precipitation mean
annual
(mm)

Precipitation minimum
monthly
(mm)

Precipitation coefficient of
variation in
monthly
Elevation
precipitation (m)

4.74-7.42 0.05-0.35

6.54-19.38

24.2-26.3

17.2-19.5

1080-1186

1040-1222

21-31

77-85

66-377

Nhambita 6.00-7.04 0.03-0.11

15.25-21.82

23.3-25.0

11.9-13.3

2632-2769

986-1245

47-71

87-89

44-322

All

6.54-21.82

23.3-26.3

11.9-19.5

1080-2769

986-1245

21-71

77-89

44-377

4.74-7.42 0.03-0.35

2.4.6 Stem level observations / characteristics
Comments recorded during plot surveys (on a stem-by-stem basis) were used
to assign a binary wounded classification to all stem observations. This classification
accounts for all forms of wounding, including any observed wound to main the stem
as well as more specific wounds such as snapped or dead branches. Owing to the
tagging system used (recording of both stem number and base (organismal) number
it was possible to assign a binary “multistemmed” variable based to all stems.
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Table 2-2 Plot and stem level variables included in growth increment modelling, rational for inclusion
and source/method notes.
Variable
Plot level conditions
Fraction of Clay by volume
(0-30cm)

Soil Carbon: Nitrogen Ratio

Soil pH

Mean annual precipitation

Precipitation Seasonality
(coefficient of variation in
monthly precipitation)

Fire Count 2001-2018

Rationale

Source

Varying fraction of clay influences retention of growth nutrient as
well as influencing soil permeability to precipitation, influencing
tree/grass access to water resource (Case and Staver 2018; Sankaran,
Ratnam, and Hanan 2008).
Woody fractional cover analysis indicates a negative relationship with
N availability, possibly due to increased performance of herbaceous
vegetation and resulting increase in resource competition and
increase in frequency of fire (Sankaran, Ratnam, and Hanan 2008)
Soil pH influences biological processes in soil (including bacterial
activity levels) as well as determining the rate at which nutrients are
leached from soils. Soils in this region are generally regarded as acidic
and leached, though local variation may be an important factor in
regional plant productivity variation (Högberg 2009).
Overall annual precipitation determines water resource availability
for both trees and grasses and is highly influential in determining fire
frequency and intensity through influence on grass biomass.
Increased seasonality of rainfall in theory gives advantage to trees
due to ability to exploit deep water resources beyond the point at
which grass senescence occurs, extending the growth season of trees
relative to grass competitors (Good and Caylor 2011; Case and Staver
2018).
Frequent fire can cause injury to photosynthetic apparatus, stem
protective structures and underground storage organs, leading to
demonstrable reductions in annual growth increment for the few
studies that have assessed fire Frequency and Severity from
local/field observations (Prior et al. 2006; Chidumayo 1988)

Ryan
(2009),
Bowers (2012)

Diameter increment growth although considered self-scaling to some
extent is not entirely linear through the life cycle of a tree though the
effect of this is likely variable between species, between woodland
stands and between stems with different life histories (Holdo 2009)
Tree-tree competition may negatively influence growth increment
through resource competition or have no/minor effects depending
on processes of disturbance, species, water and nutrient resource
status (Dohn et al. 2017; Holdo 2009).
Any observation of death indicates that during the period of survey
the performance of the plant may have been restricted even in the
absence of visual signs of illness.
Despite resilience to intense and repeated damage, for many savanna
species damage to photosynthetic apparatus has been shown to
restrict growth increment of stems in disturbed woodlands (Ryan and
Williams 2011; Holdo 2009; Shackleton 2002).
Can negatively influence growth increment due to intra-genet
competition (Holdo, 2009)

Survey data

Ryan
(2009),
Bowers (2012)

Ryan(2009),
Bowers (2012)

World Clim 2.0

World Clim 2.0

Terra - Modis
Burned
Area
derived
Fire
Count 2001-2018

Stem level conditions
Stem initial diameter

Stem/organism
competition –
Heterospecific
Stem death (y/n)

Stem wounding (y/n)

Multi-stemmed stem (y/n)

Hegyi
Competition
Indices
Survey data – any
recorded death
Survey data – any
recorded stem
wounding
Survey data
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Variable
Taxonomic traits
Stem species N-fixation
Tendency (y/n)

Stem
species
Ectomycorrhizal (ECM)
tendency (y/n)

Stem species Arbuscular
mycorrhizal
(AM) tendency (y/n)

Rationale
Postulated to provide a competitive advantage particularly in Nlimited environments and more arid savannas (Pellegrini et al. 2016),
though the benefit of this symbiosis in mesic savannas not
established. Also identified as a key factor in tree growth responses
to continuing increase in atmospheric CO2 (Kgope, Bond, and Midgley
2010)
Advantageous in comparatively wetter and nutrient poor savannas
and - uniquely in savannas – is common in dominant species of the
Miombo woodlands. Ability to mineralise micronutrients in particular
possibly a key advantage in Phosphorus depleted edaphic conditions
(Hogberg, 1986).
Research indicates that AM associations are less advantageous than
ECM in juvenile growth and root resilience (Bennett et al. 2017), but
AM associations also possibly have the same advantages as ECM and
occur in several common genera in this region including Combretum.

Source
(Sprent 2009)

(Ba et al. 2012;
Averill et al. 2019)

(Wang and Qiu
2006; Averill et al.
2019)

2.4.7 Data cleaning and filtering
Continuous explanatory variables were standardised by subtracting the mean
and dividing by two standard deviations, to make parameters more easily comparable
to binary variables (Gelman and Hill 2007). To minimise gross measurement error,
stems with a growth increment of > 35 mm/yr were corrected by either correcting the
erroneous observations or (in the absence of supporting information/obvious data
entry problems) replacing them with the plot mean increment, resulting in 194
corrections. No filtering of stems with negative increments was undertaken. In all
cases stems with any missing (NA) covariate were eliminated. Two of 26 plots had
incomplete soil data and so stems from these plots are omitted from analysis. Along
with stems excluded to account for competition edge effects, and excluded on the
basis of inconsistent species records and issues with point of measurement, this
resulted in a modelled stem population of 6901 stems for the single competition model
and 3964 stems for the multiple competition model. All models were fit using R (R Core
Team 2020) and specifically the lme4 package (Bates 2015).
2.4.8 Plot level Carbon increment – impacts of competition
Exploratory predictive analyses were undertaken to estimate the impacts of
tree-tree competition on annual plot-level carbon increment (PCi) in existing trees on
each plot. The single competition metric model was used to predict the annual
increment of each individual stem (with the initial diameter taken as the diameter of
the stem at the first plot census). Using a locally derived stem Carbon allometric (Ryan,
Williams, and Grace 2011) the stem level carbon was calculated for the beginning and
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end of a 1 year period and then summed at the plot level to determine the tC of stems
in each plot. An alternative model was then tested with the CHe values for each stem
reduced to the bottom 5% of all calculated values in the original data (essentially zero
competition at the stem level) and the PCi in this scenario calculated for comparison.
This process was achieved using the predict.merMod function in the lme4 package.
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2.5 Results
2.5.1 Growth increment
The mean observed growth rate was 1.72 ± 0.03 mm yr-1. Mean growth rates
differed across species though within species there was also considerable variance
(Table 2-3).
Table 2-3 Species level growth raw average growth rates in species accounting for 90% of stems (by
numeric count) in the modelled data.

Growth rate
(Std.Dev)
Species
(mm/yr)
Sclerocarya birrea
3.96 ( 6.53 )
Senegalia nigrescens
3.86 ( 3.67 )
Grewia monticola
3.29 ( 2.83 )
Brachystegia boehmii
3.17 ( 3.8 )
Julbernardia paniculata
2.83 ( 2.28 )
Julbernardia globiflora
2.8 ( 2.66 )
Pterocarpus rotundifolius
2.75 ( 2.82 )
Commiphora pilosa
2.67 ( 1.78 )
Dombeya rotundifolia
2.58 ( 2.17 )
Pterocarpus angolensis
2.42 ( 3.32 )
Pteleopsis myrtifolia
1.95 ( 2.25 )
Millettia stuhlmannii
1.9 ( 2.97 )
Xeroderris stuhlmannii
1.86 ( 1.6 )
Vachellia nilotica
1.8 ( 1.76 )
Burkea africana
1.38 ( 1.9 )
Lecaniodiscus fraxinifolius
1.37 ( 1.53 )
Hymenaea verrucosa
1.34 ( 1.63 )
Strychnos cocculoides
1.32 ( 1.78 )
Pseudolachnostylis maprouneifolia 1.24 ( 2.37 )
Combretum zeyheri
1.24 ( 1.7 )

Growth rate
(Std.Dev)
Species
(mm/yr)
Combretum apiculatum
1.15 ( 1.86 )
Markhamia indet
1.09 ( 2.4 )
Dalbergia boehmii
1.04 ( 2.99 )
Bauhinia petersiana
1.04 ( 1.47 )
Bridelia scleroneura
0.99 ( 2.73 )
Maytenus senegalensis
0.94 ( 1.42 )
Diplorhynchus condylocarpon 0.89 ( 2.06 )
Dalbergia melanoxylon
0.88 ( 2.14 )
Diospyros fischeri
0.86 ( 1.1 )
Combretum adenogonium
0.82 ( 2.68 )
Suregada zanzibariensis
0.77 ( 1.09 )
Ochna holstii
0.74 ( 1.73 )
Uvaria lucida
0.67 ( 0.91 )
Annona senegalensis
0.64 ( 1.37 )
Combretum binderianum
0.63 ( 1.95 )
Margaritaria discoidea
0.52 ( 1.63 )
Flacourtia indica
0.47 ( 2.81 )
Grewia microcarpa
0.42 ( 1.01 )
Cleistochlamys kirkii
0.34 ( 6.86 )

The modelled growth rate 1.81 ± 0.17 mm yr-1. Unstandardized model residuals
were assessed and deemed approximately normally distributed and analysis of
residuals by all explanatory variables showed no obvious structure. Stem growth
increment did decline with stem initial diameter in these data with stems in the top 5%
of stem sizes growing 0.80 ± 0.07 mm yr-1 slower than the smallest 5% of stems
(Figure 2). This trend however varied significantly for different species and apparently
also across different plots in the dataset (Appendix Figure A.1.2).
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2.5.2 Determinants of growth

Figure 2.2 Factors influencing tree diameter increment in southeastern Africa. All non-binary variables
are standardised dividing by two standard deviations to allow comparison with binary variables.

No significant effect of mean annual precipitation or soil conditions (ratio of C:N,
pH or clay content) was found, though there was a significant positive effect of
seasonality of rainfall (1.2 ± 0.36 mm yr-1).

N-fixing species had on average

significantly higher growth increments than stems belonging to species with no form
of symbiosis, 0.61 ± 0.24 mm yr-1. Stems belonging to species with tendency to form
ectomycorrhizal associations had a greater still advantage, 2.19 ± 0.37 mm yr-1.Stems
belonging to organisms recorded as multi-stemmed exhibited lower growth rates than
single stemmed, with 0.62 ± 0.05 mm yr-1 reduction in growth increment relative to
single-stemmed individuals. Wounded stems exhibited markedly reduced growth rates
relative to unwounded counterparts, with stems recorded as wounded having a
reduction in growth increment of 0.84 ± 0.04 mm yr-1. During the period of survey 21%
of all stems were recorded as wounded at one or more observation points. 10 m
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neighbourhood competition represented the strongest negative influence on stem
growth increment with the exception of stem death (Figure 2.2). Stems experiencing
competition level in the top 5% of the overall range of values had a growth increment
reduction of -1.24 ± 0.08 mm yr-1 relative to those in the bottom 5%.
2.5.3 The spatial extent of competition effect
Multiple competition neighbourhood modelling indicated that the additional
competition from stems in neighbourhoods up to and including 20m had a significant
negative impact of focal stem growth (Figure 4), though the effect of including stems
within a 25m radius had no additional impact on focal stem growth.

Figure 2.3 Model estimates for multiple competition model All indexes are standardised dividing by two
standard deviations. Model variables are identical to the single competition model (Figure 2.2) with the
exception of competition specification (but are omitted for clarity)
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The median plot-level competition index value was highly correlated with plot-level
basal area (Figure 3) indicating that plot level variation in above ground biomass is
responsible in large for variation in stem level competition.

Figure 2.4 Plot level relationship between number of stems / basal area and median Hegyi
competition index for the most recent plot survey.

2.5.4 Plot-level carbon increment - impact of stem competition

Figure 2.5 Plot level aboveground carbon increment (PCi) in existing stems in 24 permanent sample
plots. Original stem growth model (with single competition neighbourhood of 10 m) is represented by
circles and model with removal of the effects of stem-stem competition (with all stems having
competition level set to the bottom 5% of observed values) represented by triangles. Plots are ordered
ascending by initial summed aboveground carbon from left to right.
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Plot-level Carbon increment in existing stems (PCi) ranged from 0.02-0.58 tC
ha-1 y-1 with a mean of 0.27 tC ha-1 y-1 for the original model specification (with stem
CHe values as originally calculated). Removal of the effects of stem-stem competition
increased modelled Carbon accumulation rates in all plots, with values ranging from
0.03-1.02 tC ha-1 y-1 with a mean of 0.35 tC ha-1 y-1. The impacts of competition are
small on the low biomass plots (<15 tC ha-1) and increase as plot biomass increases.
However, the impact of competition on PCi did not vary consistently with either plot
AGB or the plot PCi determined from the original (i.e. with effects of competition) model
(despite being most substantial on the plot with the highest AGB).

2.6 Discussion
2.6.1 Observed and modelled growth increment
The mean observed growth increment (1.72 ± 0.03 mm yr-1) and the modelled
increment (1.81 ± 0.17 mm yr-1) are comparable to other estimates for woodlands in
this region as is are in the range of 1 - 2.4 mm yr-1 (Chidumayo 2019; Swemmer and
Ward 2019). Amongst fast growing genera were Sclerocarya, Brachystegia and
Julbernardia. Combretum were notable for having slow growth rates, as were
Diplorhynchus (Diplorhynchus condylocarpon, the only species of this genus, being
the most populous species overall) (Table 2-3). There is considerable unexplained
variance in our model, this is common to models of individual stem growth in savannas
(Prior et al. 2006; Holdo 2009). Whilst some genera showed decline in increment with
size, many exhibited no trend and some a minor increase in growth with size (Appendix
B Figure 2), something which has been observed in savannas elsewhere in Africa
(Swemmer and Ward 2019). This trend also varied amongst plots, potentially a
consequence of successional stage or stand age factors (Bowman et al., 2013). Of
the specified random effects individual stem identity explained the greatest amount of
variance, consistent with the assertion that individual stem life history and highly
localised variation in stem environment in is a major cause of variance in growth
increment (Holdo 2009).
2.6.2 Determinants of growth
The most important constraints on growth rate were stem death, neighbourhood
competition, stem wounding and initial diameter, whilst multistemmed individual also
exhibited slower individual stem growth rate. Alternatively, tendency for symbiotic
nutrient acquisition strategies were found to be important positive influences on
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growth. There is a significant positive effect of coefficient of variation in monthly rainfall
(seasonality of rainfall) but no effect of mean annual precipitation (MAP) or fire
frequency, whilst none of the edaphic variables considered had a significant effect on
growth. The absence of MAP or edaphic effects on growth are interesting in context
of previous discussion of the determinants of woody structure in Africa (Good and
Caylor 2011; Staver, Archibald, and Levin 2011; Sankaran et al. 2005; Mills et al.
2013). This result suggests that growth rate (and, owing to the critical demographic
importance of growth rate, woody structure (Swemmer and Ward 2019)) is not strongly
constrained by overall water availability in these Mesic conditions. However, the
clustering of these plots into two small areas with distinct climatologies and relatively
low overall range in MAP (986-1245 mm - also see Appendix A1.1) makes drawing
conclusions about this result difficult. High rainfall seasonality combined with relatively
coarse soils typical of this region (fraction of sand 0.5 - 0.9 in these plots) is
hypothetically advantageous to trees which can access deep water unavailable to
herbaceous competitors (Case and Staver 2018), and this is apparently supported
here. Again though the significant positive effect of rainfall seasonality should be
interpreted cautiously.
No effect of fire frequency (here represented as number of fires between 2001
and 2018) is found. Although fire regime has been shown to profoundly important to
tree populations in these woodlands in cases of extreme change (Furley et al. 2008)
the sensitivity of key Miombo species to fire is not well established (Chidumayo 1988;
Ryan and Williams 2011). Not having in situ observations of fire occurrence or proxies
of fire severity as in for example Prior et al. (2006) or Furley et al. (2008) is restrictive
in interpreting the local importance of fire regime on tree growth - remotely sensed
estimates of fire (Terra Modis Burned Area Product in this case) can miss small patchy
fire occurences that are common in these woodlands and may be locally significant
for tree population health. Another consideration is that the explicit recording of even
realtively minor wounding to the stems of trees (which is often a product of fire or
interaction of fire with other forms of disturbance (Helm et al. 2011)) is accounting for
the much of the effect of fire in this model.
2.6.3 Nutrient Strategies
N-fixers are frequent in these data, representing 16% of the summed basal area
in the whole dataset and species exhibited 30% (+ 0.61 ± 0.24 mm yr-1) higher growth
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increment and in the most recent survey represented. Previous literature has
speculated about the benefits of N-fixing associations and observations in other
settings have provided evidence of the performance advantages (Levy-Varon et al.
2019). Whilst N-fixing species are most frequent in more arid savannas of South Africa
(Osborne et al. 2018) where enhanced Water Use Efficiency (WUE) possible in Nfixing species is most advantageous and Nitrogen is a primary limitation on growth
(Pellegrini et al. 2016; Adams et al. 2016), this evidence suggests the advantage of
this tendency is still applicable in the Mesic conditions in these plots.
More dramatic however is the effect of ECM associations and the concurrent
absence of effect of AM associations. Ectomycorrhizal (ECM) species represent a
large proportion of overall basal area (20%) as has been documented previously in
this region (Högberg and Nylund 1981; Högberg 2009). Here, ECM species are found
to have on average growth increments more than twice those of non-ECM species (+
2.19 ± 0.37 mm yr-1) whilst arbuscular mycorrhizal (AM) species (such as Combretum)
do not appear to have any advantage. The disparity in performance between AM and
ECM has been observed in temperate forests (for example Kadowaki et al. (2018)),
but the specific source of this is not well resolved. Whilst both ECM and AM
associations allow to access organic N and P from nutrient poor (and in particular, P
poor) soil, ECM have - on some evidence – increased ability to weather soil minerals
as well as recalcitrant leaf litter which provides a positive feedback in nutrient
accessibility relative to non ECM species (Phillips, Brzostek, and Midgley 2013). AM
colonisation rates in grasses have been shown to be sensitive to fire frequency
(reducing with increased frequency (Hartnett, Potgieter, and Wilson 2004) indicating
that the advantage of this symbioses is diminished in frequent fire conditions, though
no such study was found for fire effects on AM or ECM in trees of this region (see
Taudière, Richard, and Carcaillet (2017))
The abundance of N-fixing and ECM species and the strong effects of both on
tree growth rate indicate that nutrient symbioses are critical determinants of tree
demographic rates in this region. In combination with regional scale analysis that
attempts to quantify spatial variation in the frequency of these traits (e.g. Steidinger et
al. (2019)), knowledge of the relative advantage offered in terms of growth increment
represents an important missing component in biogeochemical modelling at the
regional scale. This may be particularly important when considering the ecological
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impacts of changing climate and increasing atmospheric CO2 in the coming century N-fixation rates (Levy-Varon et al. 2019) and ECM fungal biomass (Dong et al. 2018)
have been shown to be responsive to CO2 concentration. The potential for such
responses need to be accurately accounted for in regional and global models of future
carbon balances.
2.6.4 Wounding
Growth increment in wounded stems was much lower than in unwounded stems
(-0.84 ± 0.04 mm yr-1) and 20% of all stems were recorded as wounded during at least
one observation. Half of the reporting of wounds pertained to specifically to damage
to the main stem, including loss of bark (to the extent that cambium exposure occurs)
and hollowing of stems. Evidence for impact of this kind of wounding on tree
performance is equivocal. Previous study of the impacts of bark damage in savanna
species has indicated that the combination of bark damage (stripping by herbivores)
and fire does compromise the ability of stems to regrow bark, exposing transport
infrastructure and heartwood and resulting in an increase in likelihood of stem mortality
and hollowing by fire (Helm et al. 2011; Yeaton 1988). Observations of temperate
forest species note reductions in growth increment proportional to the severity
(width/depth/area) of stem wounds (Zeglen et al. 1997). Holdo (2009) found that
stem/trunk wounds do not significantly reduce growth increment whilst branch
snapping and top-killing do. We provide evidence that stem wounding of this manner
does have demonstrable impacts on tree growth increment. Whilst Staver et al. (2009)
report “noticeable but insignificant” declines in growth increment due to the interactions
of fire and herbivory, this analysis would suggest that the cumulative effects of these
disturbances (and additional disturbances from humans) manifested in terms of stem
wounding have a significant impact on stem growth at the individual and population
level.
2.6.5 Competition
Tree-tree competition poses a significant constraint on trees in these plots –
greater than the impact of stem wounding on tree growth increment. Previous tree
growth analysis have indicated that light interception competition models weakly
predict increment in open semi-arid woodlands relative to stem size/distance
dependent models (Contreras, Affleck, and Chung 2011). Whilst anecdotally the
consistent cover of C4 grasses in the majority of these plots indicates that light
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competition is not the primary constraint on tree, the relative effects of light vs
water/nutrient competition likely varies significantly across the population, with light
limitation playing a larger role in constraining growth of smaller stems than larger ones
(Zhang et al. 2016; Muledi et al. 2020).
The multi-competition model indicated that stems experience competitive
interactions with stems up to and including 20m distance, with each addition of 5m
distance to the competitor neighbourhood size contributing to a further significant
negative effect on focal stem growth increment up to 20m. This extent of competitive
neighbourhood has been observed in temperate forests (Zhang et al. 2016; Wang et
al. 2010) and tropical forests (Hubbell, Ahumada, Condit, and B. Foster 2001; Uriarte
et al. 2004) but is considerably larger than Dohn et al. (2017) who find competitive
neighbourhoods are generally 2.5-5m in disturbed African woodlands. There are
substantial ecological differences between plot used in this investigation and the
Acacia dominated bushlands plots analysed by for example (Dohn et al. 2017), with
the PSPs analysed here having higher species diversity and basal area but lower stem
density (indicating the presence of more large trees).
High rainfall seasonality, a long dry season and coarse soils (fraction of sand
0.5-0.9) in this study are conducive of expansive belowground zones of influence for
individual stems (Casper et al., 2003) and Brachystegia for example exhibit aggressive
rooting strategies, forming both deep and laterally expansive root infrastructure to
exploit both shallow and deep-water resources (Timberlake 1993). This climate also
sustains frequent fires, favouring species allocating heavily to root biomass which can
store more substantial starch reserves and regenerate more rapidly during stem injury
or death (Tomlinson et al. 2012) and local observations of above and belowground
biomass confirm this (Ryan, Williams, and Grace 2011; Sea and Hanan 2012). It is
therefore entirely feasible that an individual stem’s zone of influence reaches far
beyond canopy area for canopy species in particular. The dominance of a limited
number of canopy species in miombo woodlands also creates a situation of high intraspecific species competition in larger trees, which has been shown to be conducive of
limitation in tree communities in other savanna types (Shackleton 2002).
Despite the severe restriction imposed by competitive interactions, several
species were observed to form dense stands and thickets of relatively small stems
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(notably D. condylocarpon and in some cases Pterocarpus rotundifolia). As discussed
by Dohn et al. (2017), patchy distribution of stems despite competitive inhibition of
growth suggests that localised variation in environment (for example soil nutrient
status) and/or benefits of stem clustering explain these distribution patterns. In the
case of the latter this advantage must however be inferred by factors that reduce the
rates of mortality rather than those that infer growth rate advantage. Water capture
and nutrient pooling are of substantial benefit in environments with stochastic rainfall
conditions and shading will reduce competitive ability of C4 grasses for resources.
Modification of the local disturbance regime including inhibition of fire (due to shading
of ground that might otherwise have C4 grasses biomass) and in the case of dense
stands and thickets also restriction of accessibility to grazers is likely to have a strong
positive influence on recruitment, despite longer term growth limitation.
2.6.6 Implications of tree-tree competition – carbon increment
Predictive modelling indicates that the inhibition of growth by tree-tree
competition is substantially limiting for stand level C increment in these data. As would
also be expected the extent to which competition impacts C increment varies greatly
with the initial plot above ground biomass (AGB) and in plots with <15 tC ha -1 the
effects are small. Above this threshold the impacts of competition vary in a complex
way, which has no consistent relationship with either plot AGB or the C increment of
the plot in the full model. There are many possible explanations for this irregular
variation. The mean stem level CHe for a plot does not increase linearly with increasing
plot basal area (and therefore plot AGB) due to the size and distance dependent
nature of the Hegyi index (Fig 3). Stems on a plot in which AGB is relatively low may
experience more intense competitive interactions than those on a higher AGB plot
owing to being spatially clustered, particularly if there are a small number of large (and
therefore very competitive) individuals. Importantly, the effect of competition on PCi in
this analysis was substantial in plots with AGB values of around 15 tC ha-1 and above:
a relatively low threshold. This brief analysis is a simplification of reality, with no
consideration of the change in demography through mortality and recruitment and not
permitting for temporal variation in individual stem growth increment. It can however
be concluded that the impact of stem-stem competition is profoundly important to
stand level C dynamics in these woodlands, and not only in the densest woodlands
and forests.
41

Chapter 2. Tree growth
2.6.7 Implications for woodland management
These findings have relevance for woodland managers, particularly with regard
to the application of selective thinning and the management of fire. The observation of
a tree-tree competition effect provides support for selective extraction/thinning
activities as an important activity in stand management, particularly in silviculture and
agroforestry/carbon projects. In combination with the significant negative impact of
wounding, results suggest that a very active approach to thinning of stems with poor
health (wounded stems or those with poor growth form) will be beneficial to carbon
increment whilst also supporting species diversity and maximising the range of
available timber products provisioned. In traditional tenure scenarios (with timber
products extracted primarily for construction, pole making and fuelwood), the species
and size classes required for different livelihood activities inform targeting of individual
trees. For example, selective extraction is widely used to aid in production of good
quality (straight) poles (Frost 1996). With such activities having very specific aims (i.e.
goals that extend beyond increasing outright productivity), there is possibly less scope
for adaptation of approaches. The observation of a strong competitive interaction
between trees might however be informative for approaches to regeneration of highly
disturbed woodlands (for example abandoned shifting cultivation plots), where
selective removal of large trees may be of benefit to stand level carbon stock recovery
and species diversity, as has been discussed previously (Njoghomi et al. 2021; Frost
1996).
Fire management plays a key role in both maintenance and restoration of
ecosystem function and structure in these woodlands (Frost 1996), though much of
the discussion of the impacts of fire on demographic rates has focussed on impacts
on rates of recruitment. Although fire frequency (as observed here with remote
sensing) was not a significant factor in modelled tree growth per se, the significance
of wounding is indicative of the great importance of fire as a determinant of tree growth.
Whilst trees in this landscape are well adapted to frequent fire (Frost 1996), interaction
of fire wounds caused by other disturbance processes that are widespread in these
woodlands is undoubtedly an important factor in mortality and tree growth (Yeaton
1988). A large proportion of the wounds recorded specifically indicated fire as a causal
factor. Whilst the original source of wounding is impossible in many cases to determine
(and may indeed be fire), exposure to fire can dramatically increase the severity of the
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wound and the resulting impact on tree performance. Besides impacts on the health
of individuals, frequent and/or severe fires can alter soil nutrient status (in particular
through the depletion of N) and organic matter content, potentially to the detriment of
tree performance. In addition, studies conducted in temperate woodlands and forests
indicate that fire plays an important role in structuring AM and ECM communities
(Taudière, Richard, and Carcaillet 2017), though studies observing the effect of fire on
these symbioses are lacking in the Miombo ecoregion. In the cases of both thinning
and fire management, it is clear that approaches are greatly informed by not only the
characteristics of the woodlands (stand age and disturbance status) but also the
specific ecological or resource use goals of those responsible for management
(Nieman, van Wilgen, and Leslie 2021; Mbwambo, Valkonen, and Kuutti 2008). Much
further research is required to determine the most effective management approaches
in different woodland use scenarios and across a range of woodland conditions.

2.7 Conclusion
The findings of this study add new insights into the distribution of woody
biomass on the African continent and are important for studies which aim to interpret
and project temporal change in woody biomass in this region. Firstly, it is indicated
that nutrient symbioses are highly advantageous to tree growth rates in these data,
and thus tree demographic rates at the landscape scale. Secondly, Tree-tree
competition is limiting in these environments even in the presence of disturbance
processes. Although previous studies have indicated that this is the case, this is first
we know that find that observes this effect across woodlands under different
management regimes and a range of ecological characteristics using a spatially
explicit model of competition. Finally, top-down disturbance processes (as measured
here by wounding) does nonetheless exert a significant additional constraint on tree
growth. Disturbances of fire, herbivory and humans are realised not only in loss of
trees (and the often observed loss in fractional woody cover that results) but also in
constraint on the growth of standing trees, potentially leading to subtle but significant
alterations to landscape scale woody biomass dynamic. These results support the
need for explicit consideration of nutrient symbioses and tree-tree competition in C
balance modelling in these environments. The continued collection of field data which
observes frequency of stem wounding and where possible links it to landscape scale
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proxies of disturbance intensity (for example proximity to populations and fire
occurrence) is also required.
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2.9 Appendix
I. Species identification
In both Kilwa and Nhambita field location species identification was originally
performed using vernacular names. The vernacular species dictionary for Nhambita
was initially derived from the work of Meg Coates Palgrave (2005). In May 2018
Nhambita plots were revisited to perform scientific species identification for all of the
trees on plots that were surveyed in 2017 ensuring that all individuals at Nhambita
have accurate scientific species names (to a minimum of genus level). The vernacular
species dictionary for Kilwa was developed from the work of Williams, Ryan and
Bowers in the initial setup and re-measurement of the Kilwa plots in 2010 and 2012.
In Kilwa no scientific names were used in field survey - individual species are from the
vernacular species dictionary. The use of the same local botanists in all surveys gives
more consistent recording of individual vernacular. The initial 2010 species list was
also verified in 2012 by Dr Sam Bowers with minor updates made in the process.
Cleaning was undertaken to overcome the issues with inconsistency in stem species
identification. In Nhambita the identifications made in 2018 were taken as absolute for
stems that were still present/ identifiable. This was also the case for stem
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identifications made in 2010 by Sheldon Goss but not observed again in 2018. For
stems only observed in pre 2010 surveys but not 2018 the species was taken as the
mode of the species recorded in all previous surveys or in the rare circumstance that
every survey recorded a different species, the most recent species.
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Figure A 2-1 Correlations between WorldClim 2.0 derived climatic variables for 26 permanent sample
plots in Mozambique and Tanzania. Mean annual precipitation (MAP) and coefficient of variation in
monthly precipitation (P_Seas) were retained for modelling.
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Figure A 2-2 Relationship between growth increment and stem diameter at initial observation, by
permanent sample plot. Growth modelling indicated that the largest stems had significantly lower growth
increment than the smallest (standardised effect size -0.79 ±0.07 mm yr-1).
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3.1 Summary
Tropical Cyclones (TC) have significant impacts on tropical ecosystem woody
structure,

felling

and

damaging

large

and

ecologically

important

trees

disproportionately. This has mostly been observed in tropical forests but less so in
savanna-woodlands where, despite lower tree density, the damage caused to large
trees may have implications for long term stability of these ecosystems and the
services they provide. Cyclone Idai made landfall in Mozambique on the 14 th March
2019 and caused widespread destruction and flooding in Central Mozambique over
the subsequent days. Despite the high likelihood of extensive ecosystem damage
owing to wind speeds in excess of 160km/hr at landfall, observations of the impacts
on woodland and forest resources are not widely available. Woodland and forest
resources are of critical social and economic importance and efforts to document
damage (and observe long term ecosystem response) are required.
Here, the impacts of Cyclone Idai on woodland structure are assessed for an
area of the Cheringoma Plateau, located within Gorongosa National Park. Eight x 1
ha Permanent Sample Plots (PSPs) are used to assess the nature of damage to tree
populations. Damage to trees resulting from Cyclone Idai is found to be substantial,
with widespread observation of treefall and tree injury. 2% of trees representing 8.5%
of basal area (BA) were felled in PSPs and a further 2% of trees representing 4.3% of
BA severely damaged (>10% of aboveground biomass loss). Treefall and wounding
events were more frequent in larger individuals (>20 cm Diameter at Breast Height,
with the largest recorded tree fallen 84.2 cm) and are found to preferentially affect
characteristic species of these woodlands and region that are both ecologically and
economically important, including Burkea africana.
The possible implications of this damage are discussed in context of controls
on demographic rates, particularly considering the role of tree wounding (which
reduces growth rate) and reduced tree-tree competition (a potentially positive effect).
There is considerable uncertainty in the long term impacts of the structural change
caused by this event and longer term observation is essential to evaluate the
importance of TC events in this region. This data do however suggest that the damage
caused is potentially important for longer term woodland structure and carbon balance.
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3.2 Introduction
3.2.1 Tropical cyclones – ecosystem impacts
A tropical cyclone (TC) is a tropical depression with near surface wind speeds
exceeding 39 mph. The importance of TC in structuring vegetation in tropical
ecosystems may have been greatly underestimated (Hu and Smith 2018). Studies in
Australia (Cook and Goyens 2008), Central America (Negrón-Juárez et al. 2017;
Tanner et al. 2014) and Madagascar (Lewis and Bannar-Martin 2012) all find that TC
events have profound impacts on woodland and forest structure. A key finding of many
inventories of storm damage following TC events is that large trees are equally and in
many cases preferentially impacted by windthrow (uprooting or snapping of the main
stem) and severe damage (Lewis and Bannar-Martin 2012; Evj et al. 2014) and that
changes in structure are such that long term changes in demographic rates can be
observed, sometimes over decades.
Tropical forests have generally been the focus of studies of damage and long
term recovery following TC events (Lewis and Bannar-Martin 2012; Lugo 2008;
Uriarte, Thompson, and Zimmerman 2019). However, TC events also play a role in
structuring ecosystems with lower densities of trees such as tropical savannas and
woodlands (Cook and Goyens 2008). This may be particularly the case for mesic
savanna-woodlands such as the Miombo woodlands of southern Africa. Without
outright water limitation, processes of disturbance are critical in determining woody
structure in these ecosystems, to the extent that alternative states (open savannawoodland-forest) may be largely determined by the disturbance processes (Dantas et
al. 2016; Sankaran et al. 2005). A small number of large canopy trees play a critical
role in carbon cycling in these woodlands, containing the vast proportion of above and
belowground biomass (Ryan, Williams, and Grace 2011; Chidumayo 2013) and
competing strongly for limited nutrients and seasonally limited water (Högberg 2009;
Casper, Schenk, and Jackson 2003).
The vulnerability of large trees to TC events is somewhat different to other key
disturbance processes acting in these ecosystems. Fire is ubiquitous in mesic
savanna-woodlands of southern Africa and crucial in determining woody structure, but
its impact is realised mainly through mortality or repeated injury of juvenile trees and
resulting control on rates of recruitment (Bond 2008; Ryan and Williams 2011). Larger
Miombo trees - although still susceptible to very intense fires - are more resilient to the
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effects of fire owing to adaptations including thick heat insulating bark and extensive
investment in root infrastructure (Dantas and Pausas 2013; Ryan and Williams 2011).
Mega-herbivory is also a key disturbance process in southern Africa. Elephants may
can be responsible for extensive tree damage and treefall (Mograbi et al. 2017) and
are a major driver of mortality in larger trees (Morrison, Holdo, and Anderson 2016).
Intense elephant-driven treefall (i.e. expansive areas of prevalent tree fall) is mostly
limited to sporadic events in areas of very high elephant population density such as in
protected areas (Chafota and Owen-Smith 2009)). Owing to the large spatial extent
and disproportionate impact on larger trees, even infrequent occurrences of TC events
are potentially of great significance to the stability of woody structure and resource
provision.
3.2.2 Importance of Tropical Cyclone damage in southern Africa
The South-western Indian Ocean is an area of frequent cyclonic activity.
Landfall events on mainland Africa mostly occur in Mozambique, but are far less
frequent in Mozambique than Madagascar (1.1/year vs 3.1/year between 1944 and
2010). Only 5% of TCs making landfall in Madagascar also making landfall in
Mozambique (Fitchett and Grab 2014).

Figure 3.1 Tropical Cyclone tracks in south-western Indian Ocean and Mozambique channel 1980-2020
(International Best Track Archive for Climate Stewardship, National Oceanographic and Atmospheric
Administration)
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Regions of mainland Africa most at risk are central Mozambique - Sofala and
Zambezia (with TC in some cases reaching inland as far as Zimbabwe) but also
Nampula and Inhambane to the north and south respectively (Fig 3.1). Any landfall
event has the potential to cause catastrophic direct and indirect economic, social and
environmental consequences. Rural populations rely heavily direct utilisation of
woodland and forest resources for energy production food and construction materials
(Ryan et al. 2016). Critically, ecosystem services from woodlands and forests provide
a source of resilience to the destabilisation of social and economic circumstances that
result from events such as TCs (Dewees et al. 2010). The environmental, social and
economic implications of damage to woodland and forest structure caused by TC
events can therefore be far reaching (Nhamo and Chikodzi 2021).
The importance of TC events in this region is also likely to increase in the future.
Although there was not a clear trend in frequency of landfall of TCs over the latter half
of the 20th Century/beginning of the 21st century (Fitchett and Grab 2014), there has
been increased occurrence of the most severe TC events in recent decades (Fitchett
2018; Mavume et al. 2010). The drivers of this trend are complex but strongly affected
by variation in upper-ocean heat content (Mawren and Reason 2017). Poleward shifts
of ocean surface isotherms (warmer surface waters required for cyclogenesis
occurring further south) mean there has been a migration of Indian Ocean TC tracks
southwards (Fitchett 2018; Cattiaux et al. 2020). This will potentially lead to more TC
events making mainland landfall as protection offered by Madagascar is reduced
whilst also exposing more regions of southern Africa to TC events (Fitchett 2018;
Mavume et al. 2010). On decadal timescales, the positive phase of the Indian Ocean
Dipole (IOD) is associated with favourable conditions for cyclogenesis in the western
Indian Ocean (Yuan et al. 2019), a cycle that increased in strength over the course of
the 20th Century (Abram et al. 2020). Collectively these longer-term and decadal
trends lead to the possibility of not only more frequent landfall events overall, but also
the occurrence of clusters of events in certain seasons. Whilst 16 TCs of any intensity
made

landfall

in

Mozambique

1980-2007,

two

severe

events

(Cyclone Idai in central Mozambique and Cyclone Kenneth in Northern Mozambique)
hit within six weeks, followed by Cyclone Eloise (central Mozambique) in 2021.
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3.3 Aim
To assess the severity of structural damage to miombo woodlands caused by
Cyclone Idai using new data from Permanent Sample Plots and an Unmanned Aerial
Vehicle.
Research Questions
1. What is the type and prevalence of damage caused to trees by Cyclone Idai to
woodlands in Gorongosa National Park?
2. What is the significance of this damage to demographic processes in these
woodlands?

3.4 Local Background – Cyclone Idai and Gorongosa National Park
Category four Cyclone Idai made landfall in Beira on the 14th March 2019 and
with wind speed exceeded 160 km/h at the point of landfall. The status of Cyclone Idai
as one of the most destructive TC events ever recorded in the Southern Hemisphere
was determined largely by the path. After hitting Beira directly, the cyclone proceeded
inland up the well populated Beira corridor, eventually dissipating near the
Zimbabwean border (Fig 3.1). Extensive flooding occurred along both the Pungwe and
the Buzi, the major rivers meeting the sea at Beira. Gorongosa National Park covers
3770 km2 of Gorongosa District, 150 km northwest along the Beira corridor from Beira
(Fig 3.2). By the time Cyclone Idai reached this far inland projected wind speed had
fallen considerably, though local observations are not available. Reanalysed climate
data indicates that sustained 10m wind speeds in the vicinity of Gorongosa National
Park were in the vicinity of 40-50 km/h (ECMRWF, 2020) though this is likely an
underestimate, and does not capture gust speeds. Substantial flooding occurred
within the Park as Lake Urema and the River Urema flooded.
Gorongosa National Park has been subject to sweeping changes in
management in the previous five decades. Extensive defaunation during the
Mozambican civil war (1977 – 1992) caused dramatic changes in vegetation structure
throughout much of its extent during this period (Daskin, Stalmans, and Pringle 2016).
GNP has since 2004 been the subject of conservation efforts resulting in a major
recovery of mammalian herbivores, though how this is impacted vegetation structure
has not been assessed in the intervening time.
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3.5 Method
3.5.1 Permanent Sample Plot
Eight Permanent Sample Plots were established between August 2019 and
October 2019. Initial vegetation survey of the entire area was used to determine the
distribution of damage to woodlands in the study area. Plots were located to capture
damage in a range of woodlands types observed in the study area, including
Brachystegia dominated miombo woodland, mixed miombo woodland and mixed
Combretum woodland. Plot measurement and data recording were based on the
recommended methods of the Socio Ecological Observatory for Southern African
Woodlands (SEOSAW) plot measurement protocol, with these plots being used to
develop

the

methodology

in

the

SEOSAW

document

(https://seosaw.github.io/publications.html). Individual stems (including fallen trees
and dead stems) are given a unique stem ID which is stamped on a physical tag nailed
to the stem; metal posts are buried in plot corners. This allows re-measurement and
subsequent estimation of demographic rates of growth, recruitment and mortality. In
addition, recording was adapted specifically to capture information about the initial
damage caused by Cyclone Idai. Any fallen trees in plots were explicitly recorded as
caused by Cyclone Idai (or otherwise). This judgement was made on observation of
the status of the tree (alive or dead), condition of remaining biomass (presence of
smaller branches/canopy elements, age of any resprouts) and the mode of tree felling
(observations of the root plates or bole which indicate forceful snap or overturning of
a tree otherwise not vulnerable to felling). For trees judged to have been felled by Idai,
mode of felling (uprooted or snapped) and direction of fall was also noted. Major
damage to standing trees owing to Cyclone Idai was also recorded in terms of
proportion of biomass lost to fallen limbs. Generalised Linear Mixed Models (GLMM)
were fit separately with treefall and tree damage as binary dependent variables in both
cases with only DBH as the independent and stem genus and plot number as random
effects. A Cyclone Susceptibility Index (CSI) was developed to assess the
susceptibility of different genera to felling (both uprooting and snapping) based on the
method developed by Smallie and O'connor (2000) to assess elephant browsing
preferences:
CSI = percentage felled (PCf) / percentage available (PCa)
where
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PCf = 100 x (n. of a genus felled / n. of all trees felled)
PCa = 100 x (n. of a genus / n. of all stems)
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Figure 3.2 Study location/proximity to Cyclone Idai path and survey effort overview. Cyclone Idai path
from Global Disaster Alert and Coordination System, Joint Research Center of the European
Commission (EC-JRC). Woodland/Forest cover mapping for Gorongosa uses the ALOS PALSAR
Forest Non Forest Layer (Shimada et al. 2014). Vegetation categories determined by structural
classification by Sam Harrison (University of Edinburgh) validated by my own field observations.
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3.6 Results
3.6.1 Permanent Sample Plots
All PSPs had some occurrence of treefall although the intensity of damage
varied considerably (from 7 to 28 stems/ha; Table 3-1). Across the entire PSP dataset
of 4979 stems 124 stems were recorded as fallen due to Cyclone Idai - around 2% of
all stems in number but 8.5% of basal area. The median diameter (Dmed) of fallen
stems across all PSPs was 29.4 cm (6–84.2 cm) compared to 9.8 cm (5–115 cm)
across all stock. Burkea africana, Brachystegia spiciformis and Combretum
apiculatum were the most frequently fallen species across the PSPs and B. Africana
had by far the most fallen occurrences (30 cases, compared to 14 for the next most
frequent).
Table 3-1 Summaries of overall and fallen tree stock in eight permanent sample plots in woodlands of
the Cheringoma Plateau, Gorongosa National Park . Species are the three most common species on
each plot (overall and fallen) listed in order of frequency. Plots are ordered ascending by basal area of
overall stock.
Permanent
Sample
Plot

Number
of
stems

Basal
area (m2
ha-1)

Median
diameter
(cm)

6

576

14.4

12.1

57.6

Above
ground
biomass (tC
ha-1)
34.7

15

1.3

30.5

51.1

4.0

259

15.1

11.5

76.9

51.9

7

1.3

50.1

60.9

4.7

624

15.7

11.3

115

43.1

19

0.7

17.9

39.6

1.8

918

16.5

8.6

73.1

43.5

8

1.1

41.2

60.5

3.7

4

7

8

Maximum
diameter
(cm)

Frequent species
1. Combretum apiculatum
2. Combretum adenogonium
3. Combretum zeyheri
1. Combretum apiculatum
2. Combretum zeyheri
3. Xeroderris stuhlmannii
1. Brachystegia spiciformis
2. Combretum apiculatum
3. Diplorhynchus condylocarpon
1. Brachystegia spiciformis
2. Millettia stuhlmannii
3. Amblygonocarpus andongensis
1. Cleistochlamys kirkii
2. Combretum zeyheri
3. Combretum apiculatum
1. Combretum zeyheri
2. Combretum apiculatum
3. Vachellia robusta
1. Diplorhynchus condylocarpon
2. Pterocarpus rotundifolius
3. Dalbergia nitidula
1. Julbernardia globiflora
2. Pseudolachnostylis
maprouneifolia
3. Brachystegia spiciformis
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Permanent
Sample
Plot

Number
of
stems

Basal
area (m2
ha-1)

Median
diameter
(cm)

2

548

18.8

9.9

74.4

Above
ground
biomass (tC
ha-1)
53.4

20

1.9

31

63.1

5.8

737

18.8

10.2

85

53

28

3.1

25.4

84.2

11.4

407

18.9

11

98

62.8

7

0.9

42.2

50.5

3.0

910

19.4

8.6

78.4

53.2

20

1.5

11.9

78.4

5.5

3

1

5

Maximum
diameter
(cm)

Frequent species
1. Diplorhynchus condylocarpon
2. Julbernardia globiflora
3. Combretum apiculatum
1. Burkea africana
2. Julbernardia globiflora
3. Millettia stuhlmannii
1. Burkea africana
2. Combretum apiculatum
3. Diplorhynchus condylocarpon
1. Burkea africana
2. Brachystegia spiciformis
3. Combretum apiculatum
1. Diplorhynchus condylocarpon
2. Brachystegia spiciformis
3. Pseudolachnostylis
maprouneifolia
1. Brachystegia spiciformis
2. Julbernardia globiflora
3. Burkea africana
1. Dalbergia nitidula
2. Diplorhynchus condylocarpon
3. Combretum adenogonium
1. Dalbergia nitidula
2. Combretum adenogonium
3. Julbernardia globiflora
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Figure 3.3 Distribution of diameter at breast height in all trees and trees felled by Cyclone Idai in eight
permanent sample plots in woodlands of the Cheringoma Plateau, Gorongosa National Park. Number
represent overall (green) and fallen (red) counts.

Uprooting was by far the most common mode of treefall in PSPs, accounting
for 96 of 124 cases (77%), the remaining 28 being snapped. A further 103 standing
trees were recorded as estimated to having lost more than 10% of their overall
biomass, 88 of which were living. Considering only these living trees, this damage also
disproportionally affected larger stems (though to a lesser extent than uprooting), with
a Dmed of 15.7 cm (5.2-50.0 cm). Finally, a further 39 stems were crushed by trees
falling as a result of Idai and unsurprisingly these tended to be smaller, with a Dmed 6.9
cm (5.0-18.6). 25 trees were recorded as leaning heavily, most often self-supported
but in 4 cases held up by a neighbouring tree.

63

Chapter 3. Tropical Cyclone damage

Figure 3.4 Percentages of stems in size classes A) Unaffected (B) Damaged (>10% estimated biomass
loss), (C) Snapped, (D) Uprooted by Cyclone Idai in eight permanent sample plots in woodlands of the
Cheringoma Plateau, Gorongosa National Park.

Uprooting and snapping rates were very low in trees below 20 cm DBH, with
less than 1% of stems in the 0-10 and 10-20 cm size classes uprooted or snapped
respectively. Accounting for all three modes of damage, the most vulnerable
demographic was trees between 40-50 cm DBH, with 6% of all trees in this group
recorded to have lost more than 10% of biomass and 11% being uprooted.
Tree diameter was a significant predictor of treefall in GLMM with treefall as
response (log odds coef. ± SE = +0.08 ± 0.008, z=9.92, p<0.01). Genera explained
more variance than plot number and genera susceptible to felling included Burkea and
Milettia (Figure 3.6). Tree DBH was also a significant predictor in the model with tree
damage as response, though the effect size was smaller (log odds coef. ± SE = +0.03
± 0.009, z=2.96, p<0.01).
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Figure 3.5 Predicted probability of treefall and tree damage from Cyclone Idai in woodlands of the
Cheringoma Plateau, Gorongosa National Park. Probabilities are based on binomial Generalised Mixed
Effects Logistic Regression (GLMM)

Figure 3.6 Random effect plot for genus from Generalised Mixed Effects Logistic Regression of treefall.
GLMM included tree size (Diameter at Breast Height) as the only fixed effect and genus and permanent
sample plot ID as random effects.
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Cyclone susceptibility index (CSI) indicated that genera vulnerable to felling
include Burkea, Brachystegia, Amblygonocarpus, Xeroderris and Millettia (Table 3-2).
Table 3-2 Cyclone susceptibility index. Genus level summaries of overall count, count of fallen
individuals and calculated cyclone susceptibility index.
Genus

Overall count

Count fallen

Cyclone susceptibility index

Burkea

280

31

1.20

Brachystegia

180

15

0.90

61

5

0.89

Xeroderris
Millettia

122

9

0.80

Julbernardia

228

12

0.57

Amblygonocarpus

21

1

0.52

Vangueria

24

1

0.45

Vachellia

26

1

0.42

1337

35

0.28

Pseudolachnostylis

233

6

0.28

Dalbergia

286

5

0.19

Brackenridgea

74

1

0.15

Diplorhynchus

941

1

0.01

Combretum

3.7 Discussion
3.7.1 Impacts of Cyclone Idai
The impacts of Cyclone Idai on woodlands in this area of Gorongosa National
Park are substantial. Compared to previous observations of TC driven treefall (in both
savannas and forests) outright numbers of stems recorded fallen are relatively low
with only 2% of original stock snapped or uprooted. For comparison, in Australian
savannas Cook and Goyens (2008) observed rates of 12-77% in sites affected by
Cyclones Monica and Tracey. Similarly, rates of damaged were lower than previous
studies: here only 2% of standing trees were estimated to have lost more than 10% of
biomass and a further 1% of (smaller) stems were crushed whilst Lewis and BannarMartin (2012) found 33% of all trees experiencing “severe damage” in Madagascar dry
forests following Cyclone Fanele (and that work in turn noted that the damage rate
they recorded was lower than in humid tropical forests of the same region by Johnson
et al. (2011)). The lower prevalence of treefall is likely strongly related to the lower
wind speeds experienced in this study area during Idai relative to those experienced
in sites assessed by Cook and Goyens (2008) and (Lewis and Bannar-Martin 2012).
In this case there are no observations of local sustained or gust wind speeds, though
at landfall estimates of modelled maximum wind speed are in the range of 150-180
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km/hr (Bopape et al. 2021). In the site most damaged by Cyclone Monica, gust speeds
for of 360km/hr were recorded (Cook and Goyens 2008) whilst sustained wind speeds
of 185km/hr and gusts of 260km/hr were recorded in Madagascar during landfall of
Cyclone Fanele (Lewis and Bannar-Martin 2012). Cook and Goyens (2008)
Comparison of sites with different wind speeds by (Cook and Goyens 2008) in the
same study demonstrated the huge importance of maximum gust speed on prevalence
of treefall, with the percentage of all trees fallen correctly ranked by gust speed at that
site.
However, as observed previously in Madagascar following Cyclone Fanele
(Lewis and Bannar-Martin 2012), a key finding is that large trees were severely
impacted. Dmed values of fallen trees in PSPs and DSPs (29.4 and 23.0 cm
respectively) exceeded the value from overall stocks in the PSPs (9.8 cm) and this is
reflected in substantial loss of basal area – 8.5% across all PSP stems. Methodological
differences also apply when comparing the rates of damage observed here to previous
studies. Considerable rates of wounding are observed in these woodlands (often
related to fire or termite activity or a combination) regardless of cyclone activity so
unless a stem wound could be definitively attributed to the event it was recorded simply
as a stem wound. As a result, in the present study “Damaged” actually means
substantial loss of initial tree biomass due to Cyclone Idai - for the 25 trees with a DBH
> 30cm that experienced limb loss to Idai the mean proportional loss recorded is 40%.
The impacts on large trees therefore differentiate the demographic impact of
this event from other disturbance processes. Although fire is a critical landscape
process (Saito et al. 2014; Ryan and Williams 2011), the influence of fire on
demographic rates is however principally realised through impacts on smaller trees
and saplings, limiting recruitment of saplings to reproductive size classes and
repeatedly top-killing smaller individuals (Staver et al. 2012; Bond 2008; Staver et al.
2009). Previous local observation of vulnerability of trees to fire found that above 20
cm diameter (measured 10 cm from base, so lower still in terms of Diameter at Breast
Height or 130 cm as measured in this study) vulnerability to topkill from even intense
fires is low (Ryan and Williams 2011). Elephants herbivory is extremely important in
structuring woodlands in Gorongosa National Park as demonstrated by (Daskin,
Stalmans, and Pringle 2016). Elephants do damage large tree, with even trees of more
than 10m height susceptible to toppling and major limb loss by elephants. Elephants
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also cause bark stripping and goring (Morrison, Holdo, and Anderson 2016) and
preferentially browse several common species here, notably Combretum spp. and
Brachystegia spiciformis (Holdo 2006). However, the rate of damage caused here
(~2% of all stems fallen and ~2% heavily damaged) is beyond anything plausible over
such a large area with current elephant densities. Even in the central Rift valley of
GNP (where populations are highest) are currently around 0.3 individuals/km -2
(Stalmans et al. 2019). For reference, in fenced reserves with elephant densities of
2.55/km-2 (almost 10 x higher than peak GNP densities and with a much smaller overall
area to range within) Mograbi et al. (2017) observed annual treefall rates of 7%.
Field observations indicate that within a given landscape multiple interacting
factors contribute to the likelihood a tree will fall during a cyclonic event. This was clear
from observations of the condition of root plates in uprooted trees. In areas known to
have been inundated during the event (in the low-lying western extent of the study
area) root plates of fallen trees were largely intact, with long and relatively fine
individual roots still attached to the plate but extracted under tension from the soil over
long distances (see Figure 3.6 panel C). This contrasts with observations made in the
high-elevation areas in the eastern extent of the study area, where most of the
expansive lateral roots where snapped relatively close to the stem base (Figure 3.6
Panel A and B). Although rooting strategies differ between species, my interpretation
is that this difference is due to edaphic characteristics and soil water pressure in
inundated areas. At high elevations (where large areas of surface flooding did not
occur), treefall was prevalent at the edges of waterlogged areas such as dambos
further indicating the importance of soil inundation as an important factor. However,
this might be due to both the effect of soil saturation and the increased exposure of
trees at edges of stands to wind effects relative to those with neighbours on all sides.
Human activities also appear to play a part. Whilst snapping of boles was much
less common than uprooting, individuals that did snap often exhibited existing severe
damage to the bole from prior fire intrusion (Figure 3.7 Panel D). This was common in
the southeastern extent of the study area (East of PSPs 2 and 3, South of PSP 1).
Here observations of woodland structure and adult tree condition (scorching and bole
penetration by fire) suggested frequent and severe fire is responsible for adult tree
damage (supported by anecdotal information from fiscals and the occurrence of a
large uncontrolled fire during the period of survey). Through interactions of
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environmental, ecological and anthropogenic factors it follows that TC events are
therefore seemingly the only natural disturbance in these woodlands that can
substantially reshape the large tree population at the landscape scale, albeit in
potentially spatially complex ways.

Figure 3.7 Examples of uprooting in field surveyed area. Panel A shows an area of heavy damage in
which a group of trees have been felled in a formerly relatively densely treed area with relatively low
grassy biomass. Panel B shows a very large tree with exposed and splintered root plate. Panel C is an
example of uprooting in an area inundated during Cyclone Idai, with expansive lateral roots intact. Panel
D is an example of bole snapping in a living tree with existing fire intrusion into the bole.

3.7.2 Implications
Although the damage is substantial, the consequences for stand demographic
rates and longer term changes in woodland structure are uncertain. Increased tree
mortality will occur but will likely be realised over a period of years (Tanner et al. 2014).
Lewis and Bannar-Martin (2012) recorded 8% mortality (by stem count) in Madagascar
dry forest immediately after Cyclone Fanele. Frequent fire return intervals (1-2 years)
means fallen trees are extremely vulnerable to mortality in the coming years as
exposure of root plates allows fire penetration into the bole and more of the stem is
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exposed to intense near ground heat during passage of fire. For this reason mortality
rate increases are likely to occur relatively more quickly in GNP than in for example
(Tanner et al. 2014) who observed increases for up to 19 years post event.
Determining the longer term fate of standing damaged trees is extremely difficult.
Whole tree mortality (as opposed to top kill) as a result of single occurrence of
structural damage is rare in many of the species in this woodland and resprouting rates
are high (Chidumayo 2013). The interaction of fire with wounding from other
disturbances is however an important consideration in these woodlands – any wound
which compromises insulating bark can leave (even large) trees at risk from fireinduced mortality (Yeaton 1988; Ryan and Williams 2011).
Even in cases where mortality does not result, wounding and alteration of local
(neighbourhood) tree populations are important factors for individual growth
performance which will impact population dynamics over a period of decades (Tanner
et al. 2014). Wounding directly effects the growth performance (Holdo 2009), and even
minor wounding in these woodlands was estimated to reduce growth rate by 30% in
Ch2 of this thesis. The negative impact of significant wounding is also potentially
greater in larger trees due to the relative size of the pool of resources available to large
trees to recover damage (Holdo 2006).
In contrast to the negative potential impacts of growth, several studies
monitoring trees following TC disturbances to tropical forests have observed long term
increases in growth rates in surviving trees (Tanner et al. 2014; Sherman et al. 2012;
Lugo 2008). This is intuitive in forests where tree density is high and competition for
light as is a critical constraint on sub-canopy individuals (Weimin Xi 2008). Theoretical
(Calabrese et al. 2010) and empirical literature (Holdo 2009; Dohn et al. 2017) (and
work in Chapter 2 of this thesis) indicates that, despite the relative openness of these
woodlands, tree-tree competition is a strong constraint on individual growth
performance. Burkea africana, Brachystegia spiciformis and Julbernardia globiflora
were represented in fallen species (the genus Burkea had the highest observed
cyclone susceptibility of all genera) and these species are aggressive competitors in
this environment, forming deep and expansive root networks (Casper, Schenk, and
Jackson 2003). Disproportionate damage to large highly competitive trees may be of
importance to long term recovery, releasing survivors from competitive effects and
increasing growth. This has been observed following substantial alteration of
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canopy/mature tree populations from savanna-woodlands in other localities in Africa.
Smith and Goodman (1986) observed increases in both growth diameter growth
increment and shoot extension in Vachellia nilotica following removal of competing
neighbours within 5 m distance. Removal of canopy trees from Australian savannas
for example (although a much more severe change than is observed here) has been
observed to increase growth rates in remaining stems dramatically – from 2-3 mm yr1

to 10 mm yr-1 (Cook et al. 2005).
Overall, these findings correspond well with work elsewhere in tropical dry

(Lewis and Bannar-Martin 2012) and humid forests that find significant immediate
impacts of TC events on woodland and forest structure. Even acknowledging the
uncertainty in the fate of fallen and damaged trees, knowledge of the constraints on
demographic rates in these woodlands and observations of TC damage responses in
other ecosystems suggest that the impacts of this event on woodland structure and
carbon cycling in this environment may be substantial over coming years. Appreciation
of the longer term impacts of Cyclone Idai require considerable further observation
over decadal timescales (Tanner et al. 2014). Efforts to document damage from TC
events must be made a priority across tropical savanna-woodlands to aid in adaptive
management of resources in the years following events.

3.8 Conclusion
Cyclone Idai had substantial impacts on the woodlands of Gorongosa National
Park, causing felling and damage in large and important trees. I suggest longer term
outcomes of this damage will be determined by the negative effect on growth
performance in damaged trees and the impact of reduced tree-tree competition. How
this will play out is highly uncertain in this ecosystem and the impacts on woodland
structure therefore require reassessment over a much longer period. Pressure on
woodland resources will increase substantially in the coming century owing to
projected dramatic increases in population in sub-Saharan Africa (United Nations Department of Economic and Social Affairs 2019). As climatic shifts that are likely lead
to higher incidence of TC landfall in southern Africa, improving understanding of the
impacts of TC events on woody resource structure essential to understanding trends
in biomass change in this region and mitigating the impacts of these events.
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3.9 Methods Reflection
3.9.1 Permanent Sample Plots
Permanent Sample Plots are an essential method in assessing the impacts of
TC events, primarily because the impacts of damage are realised over many years.
Ideally pre and post event inventory is required so any existing long-term PSPs in TC
affected areas should be prioritised for re-measurement alongside establishment of
new plots. The PSP protocol used in this survey is ideally suited to assessing impacts
of TC events, with tagging and accurate stem location giving high confidence in relocating trees (or alternatively high confidence in tree consumption by fire). One
attribute that is missing from regular recording is tree height and canopy dimensions.
Though Lewis and Bannar-Martin (2012) found height to be a weaker predictor of tree
damage/mortality than diameter in tropical dry forests of Madagascar, structural
differences in this environment mean this may not hold in these woodlands, whilst tree
allometric ratios (for example crown to height ratios) are likely to be important
mechanically in surviving strong winds in less densely wooded environments.
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Chapter 4:
Multiscale assessment of Tropical Cyclone damage with permanent
plots, unmanned aerial vehicle survey and satellite radar
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4.1 Summary
Tropical Cyclones (TCs) have significant impacts on woodland structure in
southern Africa, with possible implications for long term stability of these ecosystems
and the ecosystem services they provide. Observations of the spatial extent and
pattern of damage are critical for resource management following TCs are useful for
government, forestry and conservation initiatives. However, capturing the damage
caused by TC events at the multiple scales required is challenging. Field inventory of
highly impacted areas is essential in assessing the severity and potential long term
responses of ecosystems to TC damage in longer term. Under most circumstances
field inventory is challenging to gather in the aftermath of an event and restricted to a
small number of locations/plots in more heavily damaged areas. This limits
appreciation of patterns of damage in the wider landscape and provides a poor basis
for the validation of any remote sensing assessment of change in ecosystem structure.
Meanwhile, remote sensing assessment of TC impacts often use multispectral
instrument which are not well equipped to detect structural damage caused by TC
events, especially in heterogeneous tree-grass landscapes. Assessment of the wider
scale damage is therefore challenging, particularly with regard to structural damage
that may have longer term implications for ecosystem function and stability. The great
social and economic repercussions and potentially increasing frequency of TC events
require that methods for doing this are developed.
Here I explore the potential of a multiscale approach to assessing the impacts
of Cyclone Idai on woodlands in Gorongosa National Park, combining Permanent
Sample Plots (PSPs), drone survey and remotely sensed radar data. Drone
photographic survey is used to determine locations and approximate sizes of 2493
fallen trees over ~155 ha area of Gorongosa National Park, central Mozambique.
Estimates of above ground biomass (AGB in tC ha-1) in fallen trees from drone surveys
are compared to those determined from field inventory of 8 Permanent Sample Plots
set up during the same campaign. Change in dry season Synthetic Aperture Radar
(SAR) backscattering intensity (L-Band from ALOS PALSAR-2 and C-Band from
Sentinel-1) and coherence magnitude (Sentinel-1) before and after the event is
mapped. Linear regression is used to detect relationships between reduction in
standing C and change in SAR backscatter intensity and coherence.
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Drone-derived estimates of fallen tree biomass (AGB) are well matched to
those determined from PSPs. Intensity of damage in the overall drone surveyed area
varied considerably from 0.0-6.5 tC ha-1 fallen with a mean of 1.7 tC ha-1 – lower than
the intensity of damage recorded in the PSPs. Despite indications that a signal of
structural damage is detectable in the wider study area, attempts to determine
relationships between change in SAR backscattering intensity (and coherence) and
fallen biomass in drone surveyed areas identified only weak relationships, limiting
ability to determine map the intensity of damage in detail or determine estimates of
fallen C at the landscape scale.
Despite the difficulties encountered, there still remains potential in the use of
these data. Whilst radar is sensitive to change in AGB, the substantial amount of AGB
in fallen trees will remain in the landscape for a period of years. In areas of severe
damage there may be longer term shifts in fire regime that results in loss of trees over
a period of years. The field data collected here therefore provides a reference for
ongoing radar observations, which, in subsequent years, may be more effective in
detection.

4.2 Introduction
4.2.1 Tropical Cyclones and Savanna Structure
Tropical Cyclones (TC) events have dramatic impacts on woodlands and
forests in the tropics (Lewis and Bannar-Martin 2012; Cook and Goyens 2008; Tanner
et al. 2014; Ibanez et al. 2019) and, as discussed in Chapter 3 with regard to Cyclone
Idai, southern African woodlands. The damage inflicted by Cyclone Idai on individual
trees – and particularly large trees – is potentially extremely important for stand
population demographics, whilst the spatial extent of impacts extends for thousands
of square kilometres (Phiri, Simwanda, and Nyirenda 2020). Responses at the scale
of the individual tree-stand-landscape are however uncertain. Damage may negatively
impact individual trees and in areas of prevalent damage changes in fire regime might
be expected to further reduce tree demographic rates. Alternatively, the loss of large
trees may reduce the competitive landscape to an extent that tree growth and
recruitment are increased in surviving populations (Tanner et al. 2014; Lewis and
Bannar-Martin 2012). Responses to damage are therefore likely to be dynamic and
realised at a range of spatial scales. Assessment of the damage caused and the
potential long term implications therefore requires consideration at various scales
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using methods that can capture ecologically important changes in woodlands
structure.
4.2.2 Field survey
Field inventory of Permanent Sample Plots (PSPs) provides accurate
assessment of damage and crucially allows observation of responses in stand level
demographic rates which can occur over decades (Tanner et al. 2014). It is however
extremely expensive/time consuming with estimates of £450-1200 ha-1 depending on
the level of detail (Ahrends et al. 2021), limiting knowledge that can be gained about
the wider pattern of damage and ability to be used as validation data for remote
sensing assessments. Rapid survey approaches can optimised to capture structural
change for larger areas and as such provide a good basis for ground validation for
appropriate RS approaches (Ahrends et al. 2021). These still require considerable field
person-hours, whilst the need to mobilise and possibly train large teams is restrictive.
Unmanned aerial vehicles (drones) have great potential in the monitoring of
change in tropical woodland and forest structure (Paneque-Gálvez et al. 2014;
Mlambo et al. 2017). Person-hours (especially field hours) are drastically smaller than
either PSP or rapid survey plots, even if post-processing may be more labour
intensive. Scientific (non-consumer) drones can derive highly detailed information
about woodland structure but are also expensive, difficult to transport and require
technical training to program and operate. Consumer level drones have good
performance in producing systematic photographic surveys of relatively large areas
(100s of hectares), are affordable and easily transportable and require very little
training to deploy (in rural / unbuilt environments at least). Combined with
Geographical Information Systems (GIS) consumer drones can provide information
about the distribution and intensity of woodland structural damage which could also
potentially serve as a basis for ground validation of remote sensing of damage on a
wider scale.
4.2.3 Satellite detection of tropical cyclone damage in forests and woodlands
Multispectral remote sensing
Multispectral remote sensing (passive, using reflected solar energy from earth
surface to derive information about surface conditions) has been used to detect TC
damage to tropical woodlands and forests, with examples from Central Amazonia
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(Negrón-Juárez, Baker, et al. 2014), Nicaragua (Rossi, Rogan, and Schneider 2013),
Puerto Rico (Hu and Smith 2018a) the Gulf-Coast (Negrón-Juárez et al. 2017) and
Australia (Negrón-Juárez, Chambers, et al. 2014). Recently Charrua et al. (2021) used
Landsat 7 and Landsat 8 to assess the spatial extent of impacts of Cyclone Idai in
Mozambique. Across the 40,000 km2 of dense vegetation mapped across
Mozambique, mean Normalized Difference Vegetation Index (NDVI) declined by
almost 60% following Idai (Charrua et al. 2021).
There are limitations in using multispectral remote sensing in this application
though. Spectral change is often on discernible for a short time immediately after the
event (Hu and Smith 2018b) and during this time atmospheric obstruction may limit
availability of imagery. In addition severe flooding and soil saturation may occur for
weeks following an event (Devi 2019), confounding attempts to detect change in
vegetation communities. Multispectral instruments are also poorly equipped to detect
structural change in woodlands and savannas due to the mixed tree-grass structure
(Archibald and Scholes 2007; Naidoo et al. 2016). Whilst there may be an immediately
obvious signal of damage to vegetation (which can serve as a proxy when delineating
the spatial extent and pattern of damage) this is potentially owing to short term impacts
on leaf cover which have relatively minor impacts on long term ecosystem function.
Change in NDVI observed by Charrua et al. (2021) after Cyclone Idai for example may
not be the result of significant damage and using this method areas of severe damage
to woodland and forest structure are indistinguishable from areas with more marginal
damage.
Synthetic Aperture Radar
Synthetic Aperture Radar (SAR) is an active remote sensing system, emitting
radio waves which interact with objects on the earth’s surface. A proportion of the
energy will be backscattered to an antenna borne by the same satellite and
characteristics of backscattered energy can be used to determine properties of earth
surface features, including the structure of vegetation communities. Currently the
principal SAR products available are L-Band and C-Band, collected by instruments
borne by the Japanese Aerospace Agency Advanced Land Observing Satellites and
European Space Agency Copernicus Sentinel 1 satellites respectively. Whilst, L-Band
(1-2 GHz, ʎ ~0.23 m) incident energy penetrates the canopy of vegetation and is
scattered larger structural components of trees, C-Band (4-8 GHz, ʎ ~0.05 m) is
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scattered primarily by smaller structures in the tree canopy. Several studies have
successfully used SAR to detect the impacts of storm damage to vegetation stand
structure in temperate and boreal ecosystems (Tomppo et al. 2021; Fransson et al.
2002; Ulander et al. 2005). Tanase et al. (2018) used L-band SAR and to detect both
treefall and insect outbreaks in sub-alpine Spruce Forests in Bavaria and found high
classification accuracy for windthrow areas (reduced backscattering intensity) but poor
detection of the subtle impacts of insect damage. Rüetschi, Small, and Waser (2019)
used C-Band SAR to detect treefall areas (>0.5 ha) in mixed temperate forests in
Switzerland and Germany and again detection of areal treefall (areas in which all or
most of the trees in a patch had fallen together) was excellent, though the ability to
detect individual or scattered incidences of treefall was poor.
Interferometric SAR analysis using two (or more) images of the same area from
before an event and another set after the event can also be used to observe change
in coherence due to damage from an event. Coherence Magnitude (CHM) in radar
imagery has widely been used to detect changes in topography and the built
environment following geological events (Watanabe et al. 2016). The changeable
nature of woodlands and forests (constantly changing structure and moisture
conditions) makes CHM inherently unstable over time and so it has rarely been applied
in assessment of structural change in natural systems. However, removal of
substantial numbers of trees from the landscape reduces the proportion of volumetric
scattering (which leads to volumetric decorrelation and therefore low CHM) and
therefore theoretically should be observable as an increase in CHM in areas of
extensive treefall. This was confirmed recently with (Akbari and Solberg 2020)
observing increase in CHM in clearcut areas in temperate forests in Ireland and finding
this a better classifier of clearcut areas than reduction in backscattering intensity
(though a combining the two produced the most accurate detection).
Whilst SAR - particularly L-Band SAR - has been used widely for mapping and
detecting change in woodland structure in tropical savannas and woodlands (Mitchard
et al. 2011; Ryan et al. 2012), it has never explicitly been used in efforts to detect the
impacts of TC events on these ecosystems. Intensity of backscattered electromagnetic
energy is well correlated with aboveground biomass (AGB) density in the savannas
and woodlands of the tropics (Ryan et al. 2012; McNicol, Ryan, and Mitchard 2018;
Mitchard et al. 2009) and change in standing AGB associated with TC events can be
81

Chapter 4. Detection of Tropical Cyclone damage
substantial (see Chapter 3). Backscatter intensity is highly sensitive to moisture
conditions but matched images or image sequences from the proceeding and
subsequent dry seasons can be used to minimise this effect, as is often done in longer
term analysis of change (Ryan et al. 2012; Ryan, Berry, and Joshi 2014; Forkuor et
al. 2020). With suitable ground validation data SAR is therefore potentially well
equipped to observe the impacts of TC events and the distribution of AGB.
However, there are potential challenges in using SAR to detect damage from
TC events in these ecosystems. The woodlands of southern Africa are spatially
heterogeneous relative to the boreal and temperate forests that have previously been
discussed, leading to complex variation in backscattering processes (Woodhouse et
al. 2012). Treefall is also unlikely to occur uniformly over large areas, more likely the
patchy distribution that (Rüetschi, Small, and Waser 2019) found to be poorly detected
in C-Band in mixed temperate forests. Even in cases where there are extensive
areas/clusters of treefall, the change in backscatter (relative to an undamaged areas)
may not be anywhere near as stark as in the more homogenous stands of temperate
forests assessed in for example Rüetschi, Small, and Waser (2019). Owing to the
strength of bark and high wood density of many savanna-woodland species, significant
remnants of a fallen tree may persist for several years before consumption by fire or
decay. In many cases fallen trees are also supported by lateral components of the
canopy and with substantial root plates also partly emergent from the ground,
something Eriksson et al. (2012) noted as a possible challenge in consistent detection.
Despite the challenges, attempts to improve our ability to map structural
damage caused by TC events at the landscape scale are critical. Damage to woodland
structure may have long term impacts on ecosystem function, influencing demographic
rates both directly (through change in competitive effects) and indirectly (through
modification of land surface processes such as fire). With potentially increasing
frequency and severity of TC events in this region and more widely in the tropics,
damage caused may be a an increasingly important factor in C cycling at the regional
scale in Africa and globally (Lin, Hogan, and Chang 2020). Whilst field inventory is
critical to observing the responses of individual trees and stands of trees, effective
remote sensing approaches are needed to locate areas of severe damage to inform
management processes and to quantify the impacts of damage on C cycling.
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4.3 Aim
To combine field inventory, unmanned aerial vehicle survey and satellite radar
remote sensing to observe at multiple scales the damage caused by Tropical Cyclone
Idai to woodlands and forests in Gorongosa National Park, Mozambique.
Research Questions
1. Can drone survey be used to reliably estimate change in standing carbon stock
(fallen tC ha-1) caused by cyclone related treefall?
2. Can change in radar backscatter and coherence be related to drone estimates
of change in standing carbon stock?

4.4 Local Background – Cyclone Idai and Gorongosa National Park
Category 2 Tropical Cyclone Idai made landfall in Beira on the 14th March
2019. The cyclone path proceeded inland up the Beira corridor, eventually ceasing
near the Zimbabwean border. Wind speed exceeded 160 km/h at point of landfall and
extensive flooding occurred along both the Pungwe and the Buzi, the major rivers
making coast at Beira. Gorongosa National Park covers 3770 km 2 of Gorongosa
district, 150 km North West along the Beira corridor from Beira. By the time Cyclone
Idai reached this far inland projected wind speed had fallen somewhat to 80-120 km/h,
though ground observations are not available. Substantial flooding occurred within the
park as Lake Urema and the River Urema flooded and also to along the southern
boundary of Gorongosa National Park, delineated by the River Pungwe.

4.5 Method
4.5.1 Permanent Sample Plot
Eight Permanent Sample Plots were established between August 2019 and
October 2019. Initial vegetation survey of the entire area was used to determine the
distribution of damage to woodlands in the study area. Plots were located to capture
damage in a range of woodlands types observed in the study area, including
Brachystegia dominated miombo woodland, mixed miombo woodland and mixed
Combretum woodland. Plot measurement and data recording were based on the
recommended methods of the Socio Ecological Observatory for Southern African
Woodlands (SEOSAW) plot measurement protocol, with these plots being used to
develop

the

methodology

in

the

SEOSAW

document

(https://seosaw.github.io/publications.html). Individual stems (including fallen trees
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and dead stems) are given a unique stem ID which is stamped on a physical tag nailed
to the stem; metal posts are buried in plot corners. This allows re-measurement and
subsequent estimation of demographic rates of growth, recruitment and mortality. In
addition, recording was adapted specifically to capture information about the initial
damage caused by Cyclone Idai. Any fallen trees in plots were explicitly recorded as
caused by Cyclone Idai (or otherwise). This judgement was made on observation of
the status of the tree (alive or dead), condition of remaining biomass (presence of
smaller branches/canopy elements, age of any resprouts) and the mode of tree felling
(observations of the root plates or bole which indicate forceful snap or overturning of
a tree otherwise not vulnerable to felling). For trees judged to have been felled by Idai,
mode of felling (uprooted or snapped) and direction of fall was also noted. Major
damage to standing trees owing to Cyclone Idai was also recorded in terms of
proportion of biomass lost to fallen limbs.
4.5.2 Drone survey campaign
During the period between 1st August and 1st October 2019 a DJI Mavic Pro
Platinum was used to fly photographic surveys at selected locations across the study
area (Map 2). The distribution of survey points was designed to capture variation in
the intensity of damage occurring across the study area based on distance from the
storm track and vegetation community. Flight altitude was set at 70 m (Ground Sample
Distance 2.50 cm px-1) and image overlap was set to 85% along track and 76% across
track. With these parameters it was determined that missions capturing approximately
5 ha (X=100 m, Y = 500 m) were optimal. Captured drone imagery was mosaicked
into single images for each drone mission using Agisoft Metashape software. All
mosaicked images were exported as GeoTiff for use in Geographic Information
Systems. Visual checks were undertaken with reference imagery (Google Earth
Imagery) to ensure approximate co-location of images and all images were judged to
be suitably geo-located (error <5m). In all 33 missions were captured and mosaicked,
equating to an approximate surveyed area of approximately 165 ha.
4.5.3 Treefall data creation and drone survey plot environmental attribution
Inspection of the orthomosaiced images was used to determine the suitable
extent of each Drone Survey Plot (DSP), eliminating peripheral areas of the mosaic
where the mosaicking process led to clear distortion and blurring of images. Manual
digitising of fallen trees within the DSPs was then undertaken for all mosaicked drone
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missions by Shawn Schneidereit using Quantum GIS. A total of 3320 suspected
treefall occurrences were digitised. Ancillary information was added to each digitised
treefall event including mode of fall (snapped or uprooted), greenness of canopy, user
confidence in the individual treefall event based on visibility of the overall tree, visibility
of base and visibility of the point 1.3m from base. Diameter at Breast Height (DBH)
was estimated in the ortho images by measuring 1.3 m from the base of stem and then
measuring the diameter at this point. Using the region specific allometric created by
Ryan, Williams, and Grace (2011) estimates of stem carbon in tonnes were derived
from DBH values on a stem by stem basis; stem basal area was also estimated. A
second observer (myself) made an additional assessment of DBH for subset of 224
individual trees to allow assessment of the observer effect in the DBH recording
process.
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Figure 4.1 Study Location/proximity to Cyclone Idai path and survey effort overview. Cyclone
Idai path from Global Disaster Alert and Coordination System, Joint Research Center of the
European Commission (EC-JRC). Woodland/Forest cover mapping for Gorongosa uses the
ALOS PALSAR Forest Non Forest Layer (Shimada et al. 2014). Vegetation categories
determined by structural classification by Sam Harrison (University of Edinburgh) validates by
my own field observations.
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4.5.4 Satellite observations
Advanced Land Observing Satellite 2 – PALSAR-2
Data from the Advanced Land Observing Satellite 2 (ALOS-2) - Phased Array
L-Band Synthetic Aperture Radar (PALSAR-2) was downloaded from the Japanese
Aerospace Agency (JAXA) AUIG-2 portal. One scene was selected for each year
(2017-2020) and Stripmap Fine Dual Polarised mode (HH + HV) data were
downloaded in processing Level 1.1. Processing of PALSAR-2 images was
undertaken using the ALOS Pre-Processing Chain (APPROACH) developed by Dr
Sam

Bowers

of

the

University

of

Edinburgh

(https://approach.readthedocs.io/en/latest/). This chain performs all radiometric
calibration and terrain correction to return a natural units gamma0 backscatter intensity
image. Composite images (median pixel value) were created for pre (2017/2018) and
post (2019/2020) were saved as GeoTiffs (25 m resolution) for further analysis. From
here on data from this platform (ALOS-2) and instrument (PALSAR-2) will be referred
to simply as ALOS-2.
Sentinel-1 – C-SAR
Sentinel-1 data was obtained and processed in Google Earth Engine (Gorelick
et al. 2017). Images were taken from the S1 Ground Range Detected (GRD) collection
in Dual Polarised (VV + VH) Interferometric mode. This collection is pre-calibrated and
ortho-corrected. An image mask was applied for viewing angles greater than 35º and
less than 45º. A 22 week period (1st June – 31st Oct) was defined to capture the peak
of dry season in this region (to minimise the impact of soil moisture variations) and
used to select images for 2017/2018 (pre event) and 2019/2020 (post event) resulting
in 25/21/24/25 images for 2017/2018/2019/2020. A series of temporal reducers were
then applied to determine percentiles (10th percentiles, median and standard
deviation) for each image band for combined pre-Idai (2017 and 2018) and post-Idai
(2019 and 2020) image stacks. Multiband GeoTiffs (25 m resolution) were then
exported and analysed locally. Coherence Magnitude (CHM) images were created
from one pair of images from the dry season of 2018 and another pair from the dry
season of 2019. CHM processing was performed using European Space Agency
SeNtinel Application Platform (SNAP) Toolbox.
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Image differencing (post – pre event image pixel values) was used to determine
change for all image bands for ALOS PALSAR-2 and Sentinel-1 (see Rüetschi, Small,
and Waser (2019) and refs 47/48 within).
Primary study area and reference area for observing change in radar data
A primary study area extent (SA1; Fig 1) was delineated based on the extent of
the field (PSP and DSP) campaign. Based on field survey of the area (Fig 1) damage
in this area was variable. Woodlands to the south and east were extensively damaged
but those in the northern extent less so, with the exception of pockets of damage in
the North West corner which were - based on stem observations – associated with
flooding. A reference area (SA2; Fig 1) was delineated on the eastern flank of GNP.
This area was selected owing to having similar vegetation communities and similar
vegetation structure as SA1 but, based on observations from GNP scientific staff, a
lower intensity of damage due to lower peak wind speed during the passage of
Cyclone Idai (Appendix Figure A4.1). Both SA1 and SA2 were masked using ALOSPALSAR global forest/non-forest (Shimada et al. 2014)) to eliminate unwooded/very
sparsely treed areas.
4.5.5 Linking UAV treefall and satellite observations
The 33 5 ha DSP were segmented into 155 ~1 ha (100 x100 m) parcels (hereon
referred to as the DSP100). Treefall summaries - count of fallen stems, sum of fallen
basal area and sum of fallen stem Carbon (C) - were added as attributes to each of
the 155 DSP100 and ALOS-PALSAR-2 and Sentinel-1 difference images summarised
within them (median of all pixel values with centroid within the DSP100). All raster
analysis was performed using functions from the Raster package in R (Hijmans 2012).
Linear Regression with treefall intensity (fallen tC ha-1) as the dependent was used to
detect relationships between intensity of treefall within DSP 100 and summarised
pre/post event difference in backscattering intensity and Coherence Magnitude.
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4.6 Results
4.6.1 Drone survey effort
Treefall occurrence in drone survey plots
In all, 2493 clear treefall events were digitised in the DSP mosaics. 2177 of
these stems were recorded as snapped at the main stem below the first major
branching point, the rest being identified as uprooted. Despite the occurrence of fire
during the period of survey the vast majority (2264 out of 2493) of fallen trees remained
close to fully structurally intact (i.e. main stem and major structural components of
canopy minus leaves and fine branches), whilst 836 were also clearly still foliated to
some extent.

Figure 4.2 Examples of aerial survey imagery. Left panel shows a heavily damaged area that has burnt
in the dry season of image capture and right panel a less damaged area which has not burnt at the
point of capture.

Permanent Sample Plots and Drone Survey – estimates of fallen Carbon
Table 4-1 Overall and fallen stock summaries from field and drone survey of eight 1 ha permanent
sample plots on the Cheringoma Plateau of Gorongosa National Park. Unfilled rows are overall stock,
filled rows are field and drone derived estimates of fallen stock. Plots are ordered by count of treefall
events attributed to Cyclone Idai in PSPs).

Permanent Number
Sample Plot of stems
1
407
PSP
7
Drone
9
4
259
PSP
7
Drone
10

Median
Maximum
Basal area diameter
diameter
Above
ground
2
-1
(m ha )
(cm)
(cm)
biomass (tC ha-1)
18.9
11
62.8
0.9
42.2
50.5
3
0.8
34
52
2.1
15.1
11.5
51.9
1.3
50.1
60.9
4.7
1
28
58
3.5
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Permanent Number
Sample Plot of stems
8
918
PSP
8
Drone
10
6
576
PSP
15
Drone
16
7
624
PSP
19
Drone
15
5
910
PSP
20
Drone
18
2
548
PSP
21
Drone
19
3
737
PSP
28
Drone
21

Median
Maximum
Basal area diameter
diameter
Above
ground
2
-1
(m ha )
(cm)
(cm)
biomass (tC ha-1)
16.5
8.6
43.5
1.1
41.2
60.5
3.7
1.2
37.5
65
4.2
14.4
12.1
34.7
1.3
30.5
51.1
4
1.6
32
50
4.9
15.7
11.3
43.1
0.7
17.9
39.6
1.8
0.9
24
45
2.4
19.4
8.6
53.2
1.5
11.9
78.4
5.5
2.5
38.5
74
8.9
18.8
9.9
53.4
2
31.1
63.1
6.1
1.6
31
60
4.6
18.8
10.2
53
3.1
25.4
84.2
11.4
2.7
32
85
10

Table 4-2 Relationships between field and drone estimates of stems fallen, basal area fallen and
(estimated) aboveground carbon fallen from eight 1 ha permanent sample plots on the Cheringoma
Plateau of Gorongosa National Park.

To investigate the accuracy of drone estimates of number of fallen stems, fallen
basal area and fallen carbon simple linear regressions were conducted with the PSP
estimates as the predictor and corresponding drone estimates as the outcome. In all
cases the predictor was statistically significant and in all cases the estimate was less
than 1. Thus drone survey estimates did tend towards underestimating the damage in
more heavily damaged PSPs. This was most evident with regard to number of stems
fallen indicating that this is due to the drone survey missing treefall events in small
stems (with less of an impact on carbon stock). An obvious exception to this (and an
outlier in terms of fallen basal area and fallen carbon) was PSP 5 for which drone
estimates substantially exceeded those observed in the PSP inventory. Summaries
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indicated that this disparity was caused by the disparity in observations of a small
number of large trees – whilst PSP and drone estimates of fallen number of stems
were comparable (20 vs 18), median diameter of fallen trees was dramatically larger
in the drone estimates (38.5 cm vs 11.9 cm).

Figure 4.3 Relationships between field and drone estimates of stems fallen, basal area fallen and
(estimated) aboveground carbon fallen from eight 1 ha permanent sample plots on the Cheringoma
Plateau of Gorongosa National Park. Points are labelled with permanent sample plot number. Blue line
is linear regression, dashed grey is 1:1 line.

Figure 4.4 Bland-Altman plot for Observer 1 and Observer 2 Diameter at Breast Height estimates for
224 fallen trees observed in drone imagery collected in the Cheringoma Plateau of Gorongosa National
Park
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The agreement between Observer 1 and Observer 2 DBH measurements was
relatively good for the 224 twice-observed trees (Fig 4-4). The mean difference
between observed values was 0.50 cm (with Observer 2 estimates smaller).
Cumulatively Observer 1 estimated 91.7 tC in the 224 twice-observed trees whilst
Observer 2 estimated 95.8 tC in the same set.
Summarised damage in drones survey plots
In the area covered by the 155 segmented DSP100 (located in the core area of
the image mosaics) 1554 treefall events were identified; only 3 of the 155 DSP 100s
contained no recorded treefall events. On the whole damage across the DSP 100 was
less severe than observed in the PSPs - intensity of fallen C within these parcels had
a range of 0 – 7.1 tC ha-1 (2.1-10.0 tC ha-1 in PSPs) and a mean of 1.7 tC ha-1 (5.1 tC
ha-1 in PSPs) (Fig 4.4).

Figure 4.5 Density plots of fallen stem density, fallen basal area and fallen aboveground carbon in 155
1 ha plots surveyed by drone on the Cheringoma Plateau of Gorongosa National Park. Dashed blue
line is median.

4.6.2 Change in radar backscatter and coherence
Forested Area – pre and post event backscatter intensity and Coherence Magnitude
ALOS-2 backscatter intensity in both co and cross-polarised mode (HH and HV)
was higher in the post-event dry seasons in both the main survey area (SA1) and the
reference less damaged area (SA2) (Figure 4.5). Sentinel-1 backscatter intensity was
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lower in the post-event dry seasons (VV and VH) in the main survey area. In the
reference area VH showed no obvious difference whilst VV was marginally higher in
images from the following dry seasons. Coherence magnitude in main survey area
was higher in the image pair obtained for the dry season of 2019 (following the event)
than in the pair from the proceeding dry season (Figure 4.6).
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Figure 4.6 ALOS-PALSAR-2 2d density plots for pre and post-cyclone pixel backscattering intensity.
Top row represent SA1 in a) HH and b) HV mode, bottom row represents SA2 in c) HH and d) HV
mode. Blue areas represent areas of no data and red areas the highest density. Points represent
summarised change (mean of pixel values) within 155 drone survey plots (DSP100). The high density
above the 1:1 line indicates that backscattering intensity on the whole increased, and this was broadly
the case in both SA1 (damaged) and SA2 (less damaged).
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Figure 4.7 Sentinel-1 C-SAR 2d density plots for pre and post-cyclone pixel backscattering intensity.
Top row represent SA1 in a) VV and b) VH mode, bottom row represents SA2 in c) VV and d) VH mode.
Blue areas represent areas of no data and red areas the highest density. Points represent summarised
change (mean of pixel values) within 155 drone survey plots (DSP100). The high density below the 1:1
line in a and b indicates that backscattering intensity on the whole decreased in SA1 (damaged), but
VV increased and VH remained stable in SA2 (less damaged).
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Figure 4.8 Pre (blue) and post (red) Cyclone Idai dry season Sentinel-1 Coherence Magnitude for A)
the main survey area (SA1) on the eastern edge of Gorongosa National Park and B) the reference less
damaged area (SA2) on western edge of Gorongosa National Park.

4.6.3 Drone survey plots – radar backscatter and coherence magnitude change
Reflecting change in the wider study area, ALOS-2 backscatter intensity was
higher in the post-event dry seasons in the DSP100 whilst Sentinel-1 backscatter
intensity was generally lower (Figure 4.6). Increasing intensity of fallen stem C
recorded in DSP100 is associated with smaller increases in median ALOS-2
backscatter in cross-polarised mode (the observed increase in gamma0 from the two
seasons prior to the twos seasons after becomes less with increasing intensity of
damage). Increasing intensity of fallen stem C recorded in DSP100 is associated with
decreasing 10th percentile Sentinel-1 backscatter in in both co and cross polarised
modes (VV and VH).
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Figure 4.9 Relationship between change in radar backscattering intensity and summed carbon in fallen
trees in 155 1 ha plots surveyed by drone on the Cheringoma Plateau of Gorongosa National Park.
Change in backscattering intensity is determined by taking the mean of difference image (post-pre
Cyclone Idai image) pixel values falling within the given DSP100.
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Figure 4.10 Variation in ALOS-2 backscattering intensity and fallen basal area in 155 drone survey plots
with the broad vegetation class (modal class of vegetation classification for pixels falling within the plot.
ALOS-2 g0 is used here to serve as a (rough) proxy of aboveground biomass and demonstrate that the
intensity of treefall at a location is not simple a product of the initial biomass. Dense Miombo plot for
example as expected have high g0 backscatter intensity due to high biomass, but damage was
comparatively low.
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4.7 Discussion
The results of this work indicate that there is the potential for the development
of a multiscale assessment of TC damage using drone survey and remotely sensed
radar. The drone produced comparable estimates of intensity of treefall (fallen tC ha 1)

to permanent sample plot survey and facilitated the capture of vastly more area (155

ha vs 8 ha). Attempts to relate change in radar data to drone observations of treefall
intensity indicate that increasing intensity of damage on the ground is associated with
a reduced backscattering intensity in radar data. Following is a discussion of these key
results and the strengths and weaknesses of this approach.
4.7.1 Drone estimation of change in standing carbon stock
Agreement between overflown PSP and drone derived estimates of fallen stem
basal area and C stocks is good – in seven out of eight PSPs the estimate of fallen C
from drone survey digitisation is within 1.5 tC ha -1 of the field inventory estimate.
Comparing the relationships between PSP and drone estimates it is clear that whilst
stems are missed in drone surveys of PSPs with many stems fallen, these tend to be
smaller stems and therefore have a relatively small impact on the loss of basal area
and C stock (regression slopes are much closer to one for the basal area and C). An
obvious outlier was PSP 5 which overestimated basal area and fallen tC ha -1 owing to
three large treefall occurrences were recorded from drone data but not recorded fallen
in PSP inventory, contributing to a 3.4 (5.5 vs 8.9) tC ha-1 difference in estimates. Field
inventory provided explanation for this, with one occurrence of treefall being incorrectly
attributed to Cyclone Idai and two trees standing (but with smouldering boles) during
the PSP survey but having snapped by the time of the drone survey, which was
performed a several days later.
The high resolution of drone data captured at low elevation (Ground Sample
Distance 2.50 cm px-1 at 70 m flight altitude) means that the incorrect attribution of
fallen stems to TC can be minimised by identifying canopy structure intactness – an
indicator of recent fall. However during field survey at least one instance of a tree that
appeared to have fallen many seasons prior but still had substantial canopy
infrastructure was observed, so in a small number of cases this may lead to
overestimates. The latter two (killed by fire penetration into an existing wound)
highlight the importance of performing the drone survey as soon as possible to the
event and preferably before the occurrence of fire which – particularly in interaction
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with wounding caused by other disturbances – is a cause of mortality in even large
trees (Ryan and Williams 2011).
Drone data was therefore found to perform very well in locating fallen stems
and owing to their prostrate form (and high resolution of imagery collected from this
height), capable of producing accurate readings of diameter and therefore fallen BA
and C stock. However, drone data are unable to measure diameters in standing trees
and the inability of drone photographic survey to evaluate initial standing C stocks is
a limitation when making inferences about the ecological significance of the recorded
damage. In relatively open woodlands (< 50% canopy cover) such as these Structure
from Motion (SfM) photogrammetry can be effective in determining the distribution and
heights of trees though this requires additional steps in geolocation images using
Ground Control Points, which may not be practical over larger areas and challenging
terrain (Mlambo et al. 2017). In areas with relatively homogenous structure, ALOS-2
backscattering intensity might be used as a proxy of initial structure, though if this
information is deemed essential rapid field surveys are the most effective way of
capturing change in structure (Ahrends et al. 2021).
Overall however, it is found that photographic drone survey of this type is a
useful tool in observing TS damage at the landscape scale, complementing the
detailed information gained from PSP inventory with relatively accurate assessments
of damage intensity in the wider landscape. Manual interpretation of medium
resolution orthoimagery can be used to delineate where an otherwise continuous
canopy is broken by large clusters of fallen trees (Rüetschi, Small, and Waser (2019)
for example used Medium resolution (3-5 m) Planet imagery in mixed temperate
forests). Experience gained suggests that this approach would be ineffective in this
landscape - identification of treefall events is impossible without the ability to clearly
identify the fallen trunk, which requires sub 1 m resolution imagery. The
heterogeneous structure of these woodlands results in irregular distribution of treefall
- areas of extensive (<0.25 ha) uniform tree fall were not observed and the most
intensely damaged plot (Plot 3) had 4% of overall stems and 22% of AGB fallen. This
level of damage is both potentially ecologically significant (discussion in Chapter 3)
and, as we show here, large enough to relate to appropriate remote sensing analysis.
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The additional spatial coverage provided by the drone here is a great advantage
and provides a much better basis for validation of change in remotely sensed data,
covering a wide spectrum of damage intensity. Indeed, the variation in the intensity of
damage recorded by the drone even in this small study area also highlights both the
importance of attempting multi-scale assessments of TC damage in these woodlands.
PSP establishment is essential for understanding modes of damage and individual
and stand responses to damage over coming years (Tanner et al. 2014; Lewis and
Bannar-Martin 2012). As the drone survey shows, damage is highly spatially variable
(Fig) even in this relatively small survey area spatial variation in intensity of damage
may result in complex landscape scale responses in ecosystem structure (Ulanova
2000; Uriarte, Thompson, and Zimmerman 2019).
4.7.2 Change in radar backscattering in relation to drone estimates of damage
Trends in backscatter intensity in the study area
Change in backscatter intensity in SA1 (which was extensively damage by
Cyclone Idai) and the SA2 (which was less damaged by Cyclone Idai) identified
differing trends in pre and post-cyclone backscatter intensity both between satellites
(Sentinel-1 and ALOS-2) and between polarisations modes for the same satellite.
Post-event backscattering in ALOS-2 was higher in the two post-event dry season
images - most notably in HH polarisation mode - and this was observed in both SA1
and SA2. In Sentinel-1 both VV and VH backscatter were lower in post-event images
in SA1, whilst in SA2 VV increased marginally and VH showed no obvious trend.
Detection of woody structural change using SAR is challenging (Ryan et al.
2012; Mitchard et al. 2011; Ahrends et al. 2021; Tomppo et al. 2021). Although
backscatter intensity is often well correlated with AGB within a certain range, it is not
a direct measure of biomass, and aspects of vegetation structure such as stocking
density and stems size distributions are also important determinants of backscattering
processes (Woodhouse et al. 2012; Joshi et al. 2017). The effects of the damage
caused by the cyclone on backscattering processes are therefore complex and
dependent on the wavelength of the instrument. L-band backscattering is primarily
determined by larger structural components of the tree including canopy and stems
and a large proportion of the AGB remains in the landscape (drone survey attributes
suggest 90% of all recorded fallen trees were close to fully intact). A simple
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interpretation might be that the substantial proportion of fallen tree biomass that
remains in the landscape (see Plate 4.2) is confounding relationship between
assessments of damage and change in radar backscatter, and that repeat analysis
over a period of several years might produce better results as has been observed
elsewhere (Tanase et al. 2018). More complex to understand however are the effects
of changes to the distribution and arrangement of woody structures in the landscape
which are likely to alter neighbourhood backscattering processes substantially.
Inspection of ALOS-2 HH and HV difference images shows some suggestion of
detecting this, with areas of decrease often spatially associated with areas of increase
(example in Appendix A4.4). The impacts of damage on backscattering processes are
dependent on the characteristics of the woodland, the distribution of damage and the
wavelength/polarisation of the instrument. Accordingly, studies have observed
disparate results depending on these variables. In mixed temperate forests Rüetschi,
Small, and Waser (2019) observed increased intensity in cross and co-polarised (VV
and VH) C-Band (Sentinel-1) backscatter in storm damaged areas. Fransson et al.
(2002) observed increased backscatter intensity from storm damaged areas in copolarised (HH) CARABAS-II VHF images. In dense stands of mixed temporal or boreal
forest an increase in cross-polarized backscatter can be the result of chaotic
arrangement of dense stands of felled trees, resulting in complex volumetric
backscattering processes and reduced attenuation of returning energy by canopy
elements. Fransson et al. (2002) observed that when this material was cleared,
backscatter intensity then fell below the pre-event level. In contrast, in temperate
mixed forests (Tanase et al. 2018) observed reduction in L-Band (ALOS-1)
backscattering intensity from storm damaged stands, with the cross-polarised channel
(HV) particularly sensitive.
At the time of writing there are no comparable studies observing the impact of
TC damage on radar backscattering in tropical woodlands. The best references are
studies observing the impacts of anthropogenic removals of biomass from the
landscape, which have consistently observed reduced backscattering intensity (Ryan
et al. 2012; Mitchard et al. 2011). The magnitude of the changes wrought by such
activities can be much larger than those observed here; small-scale agricultural and
shifting cultivation activities commonly involve removal of the almost all woody
biomass from an area, whilst shifting cultivation also involves removal of substantial
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biomass of >10 tC ha-1 (Ryan, Berry, and Joshi 2014). In contrast, whilst in the most
damaged PSP 10 tC ha-1 was accounted for in fallen trees, in the areas surveyed by
the drone the median estimated value across the 155 plots was ~1 tC ha-1.
Nonetheless, a reduction in woody biomass in the landscape would be expected to
result in a reduction in backscattering intensity.
The result observed in Sentinel-1 data (decreased backscatter intensity in the
damaged area) is therefore intuitive, further supported by the disparity between SA1
and SA2, with the latter exhibiting no obvious change in VH (and an apparent increase
in VV). C-band backscattering processes are determined by smaller components of
vegetation such as leaves and fine branching structures. Whilst drone survey
suggested that 90% of trees had much of the main stem and larger canopy structures
intact, only around a third of felled trees had any remaining foliage (836/2493). Owing
to reduced root water capture it is also likely that moisture content in foliage of felled
trees is reduced, with the effect further reducing backscatter intensity.
The trend of increase observed in the study area (SA1 and SA2) in post-cyclone
ALOS-2 images is less easy to interpret. Cross-polarised L-band backscattering is
primarily affected by larger structural components of trees including canopy and
stems. Drone survey attributes suggest 90% of all recorded fallen trees were close to
intact, and therefore a substantial proportion of fallen tree biomass that influences LBand scattering processes remains in the landscape (see Figure 4.11). A repeat
analysis over a period of several years might produce better results, as has been
observed elsewhere (Tanase et al. 2018). This would not however explain an increase
in backscatter intensity.
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Figure 4.11 Treefall events in Gorongosa National Park attributed to Cyclone Idai. Note emanation of
root plates and support of main trunk by intact canopy. In the cases of both of these large trees the
impact on neighbourhood backscattering processes are likely to be complex, with a substantial portion
of the above ground biomass remaining but having been redistributed in the landscape.

More complex to understand are the effects of changes to the distribution and
arrangement of woody structures in the landscape that are likely to alter
neighbourhood backscattering processes substantially. Inspection of ALOS-2 HH and
HV difference images shows some suggestion of detecting this, with areas of decrease
often spatially associated with areas of increase (Figure 4.12). However, within the
DSP100 the relationship between δƔ0 and the summarised intensity of damage (the
sum of tC ha-1 in fallen trees) is negative (see next section); whilst the average change
in backscatter is positive in most plots, the extent of the increase gets smaller with
increasing damage.
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Figure 4.12 Change in Sentinel-1 g0 backscatter (VV and VH polarisation) and ALOS-2 g0 backscatter
in one of the drone surveyed areas (encapsulating five of the 155 DSP100) with corresponding digitised
treefall events(point = base location, line = lay of fallen tree)
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The most parsimonious explanation for the wider signal of increase would seem
to be variation in environmental conditions that influence backscattering processes.
Soil moisture content is the most obvious environmental variable that can vary
substantially inter-seasonally and strongly influences radar backscatter. Increases in
dielectric constant caused by higher soil moisture content lead to increase in
backscattering intensity. A soil-moisture driven increase would be expected to be most
evident in ALOS-2 co-polarised mode as was observed. Whilst such an affect is not
evident in Sentinel-1, the processing steps (reducing multiple dry-season images to
image-statistics to further minimise the impact of intra and inter-seasonal variation in
moisture) dramatically reduce the impact of any variation in soil moisture on results
(Rüetschi, Small, and Waser 2019). C-Band radar also has lower ability to penetrate
layers of vegetation (as it interacts with even relatively fine vegetation structures) and
therefore the influence of soil properties on backscattering processes in vegetated
areas is less important than L-Band.
However, preliminary investigations into soil moisture conditions appear to
contradict the supposition that increased surface moisture is the cause of increased
backscatter intensity in post-event images. Regional scale soil moisture data from
NASA-USDA Enhanced Soil Moisture Active Passive Global soil moisture dataset
(O'Connor, Puttick, and Hoffman 2014) indicates that soil moisture content was very
high in 2018 and very low in 2019 in the temporally closest data captured during those
years (whilst in 2020 the region was marginally wetter than 2017). This is supported
by monthly precipitation data (Harris 2020). Whilst rainfall was substantial during the
passage of Idai in 2019, the 2019 dry season began promptly and rainfall levels in the
several months preceding the capture of the 2019 ALOS-2 image were considerably
drier those preceding 2018 and (to a lesser extent) 2017 image capture (see panel on
Figure 4.13). This is however a very coarse exploratory analysis - soil moisture content
varies significantly spatially owing to localised topographic effects at scales far below
the resolution of the SMAP data. Additional soil moisture data with finer resolution
could be used or indeed Sentinel-1 could be used to observe change in invariant areas
(areas with very little tree cover in the centre of Gorongosa National Park). Ultimately
in situ data is the best means of tracking this but was not collected.
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Figure 4.13 Regional soil moisture and local rainfall trends at the time of collection of ALOS-2 images
Red dashed lines represent the day of ALOS-2 image capture for the 2 pre-cyclone and 2 post cyclone
images.
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Relationships between damage intensity recorded in drone surveys and backscatter intensity
in pre vs post event radar images
Attempts to directly relate change in backscattering intensity to drone derived
estimates of fallen C (tC ha-1) in the 155 DSP100 produced mixed results. Statistically
significant relationships between change in DSP100 standing biomass (fallen tC ha-1)
and change in backscatter intensity in both Sentinel-1 (10th percentile VV and VH) and
ALOS-2 (Median VH) were identified. The proportion of variance explained was low in
all cases. In Sentinel-1 VV and VH, increasing intensity of damage was associated
with decreasing backscatter intensity. In ALOS-2, whilst backscatter intensity
increased overall in the post-cyclone scenes, the extent of the increase became
smaller with increasing damage in the plots. Coherence magnitude (CHM) increased
in the survey area post-cyclone (and more so than in the reference less damaged
area), but change in CHM was unrelated to estimates of fallen C in the DSP100.
Interpretation of the observed relationship between the backscatter and
damage intensity in the DSP100 is made difficult by coarse resolution. Previous studies
which have compared the performance of different radar systems in detecting treefall
have identified instrument resolution as a critical determinant of effectiveness
(Fransson et al. 2010). Ulander et al. (2005) for example compared the effectiveness
of various radar platforms (resolutions from 3-150m) in detecting treefall in boreal
forests in Sweden. Only the 3m resolution (CARABAS) could delineate areas of
treefall, with even the 9m resolution (Radarsat) failing to detect fallen trees reliably. In
several studies it is noted that high resolution data is primarily of benefit in observing
change in radar “shadow” which occurs when trees are removed from the edge of
denser patches of woodland leading to distinct increases of decreases in pixel
brightness depending on viewing direction of the radar system (see Bouvet et al.
(2018)). Whilst I did observe some of this mode of damage (trees fallen around
Dambos for example), many of the treefall events were distributed amongst a
heterogeneous mosaic of woodland. Nonetheless, as field (PSP and DSP) data means
areas of heavy damage are known and the locations (base location and lay of the
fallen tree) of individual trees are well located it might be practical to hone in on some
highly damaged areas and data from some of the other ALOS-2 instrument modes
which have higher range and azimuth resolution (such as the Stripmap Ultrafine dual
polarised mode, which has a nominal resolution of 3 m compared to 10 m in the Fine
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mode as used here). This would also require modification of the SNAP processing
chain to produce suitably high resolution images. If such patterns were evident in
higher resolution outputs textural analysis could be used on a set of pre and post
cyclone images to detect change in neighbourhood pixel deviation and this might be
used to identify treefall events at higher spatial resolution. This approach been used
successfully in attempts to detect damage in multispectral RS data (Kelsey and Neff
2014).
4.7.3 General comment on radar detection of Tropical Cyclone damage
Beyond the physical processes that determine the sensitivity of C-band and Lband radar to structural changes, there are logistical considerations that may
ultimately determine which (if either) will be useful for a given application. C-band is
rapidly and freely available from the Sentinel-1 (repeat coverage in 6-12 days globally)
and as such is used in attempts to produce rapid assessment methodologies
(Rüetschi, Small, and Waser 2019; Tomppo et al. 2021). The Sentinel-1 SAR Ground
Range Detected collection hosted by Google Earth Engine (GEE) and used here is
updated daily with a two day lag. The principle advantage of using GEE in this
application is the ability to ingest large amounts of data (in particular temporal extents)
and reduce it to image statistics, a very effective way of mitigating for the inherent
variability in backscatter intensity (Rüetschi, Small, and Waser 2019). The scalability
of this approach is the other key advantage - with immediate access to collections and
use of Google servers for large processing tasks, applications that require large
coverage (for example of multiple satellite paths and rows) can be performed quickly
and with relatively little programming. The principal shortfall of using GEE approach is
that the pre and post-processing of data restricts the forms of analysis that can be
performed (including interferometric analysis such as CHM, here done using with
single downloaded images). For this reason and the above discussion of resolution of
processed data – and having established that there does seem to be some
appreciable signal of change in the data - I would advocate for the use of single images
and an automated workflow based on SNAP Sentinel Toolbox in subsequent analysis.
Despite the advantages of L-band radar in this region, availability from ALOSPALSAR-2 is a challenge. Individual images are expensive to acquire or require
scientific licences and the global mosaic (Itoh et al. 2017) is only available annually
and sometimes with considerable time lag (2019 and 2020 were released within two
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weeks of each other in Spring 2021). It is also adjusted to account for seasonal
variation in moisture which may lead to less than optimal image capture dates between
subsequent years. Despite the fundamental advantages of L-Band SAR in detection
of change in these ecosystems it is therefore much more limited in application in initial
assessments. The forthcoming (2023) NASA-ISRO SAR mission (NISAR) will
however greatly improve availability of L-band data whilst also making data free. With
the added advantage of also carrying an S-band instrument which also has
demonstrated capabilities in mapping woodland and forest structure (Ningthoujam et
al. 2017), this mission may greatly improve the potential of SAR in the monitoring of
damage from TS events in southern Africa.

4.8 Conclusion
Cyclone Idai has substantial impacts on the woodlands of eastern Gorongosa
National Park, though the intensity of this damage is variable over relatively small
spatial scales. Drone surveys are found to be an effective method for quantifying the
damage caused by cyclones, showing good agreement with field inventory estimates
of fallen C stocks and easily allowing for survey of 100s of hectares. This work
suggests that mapping the distribution of damage at the landscape scale by using
drone survey data as validation for satellite radar will however be difficult.
Nonetheless, these ground observations of damage intensity such as collected here
form a starting point continued remote sensing observation is however required to
determine the utility of this approach. Landscape scale responses to damage caused
by TC events may be realised over longer time periods and the impacts of damage
may also become more evident with time.
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4.10 Appendices
I. Main survey area vs reference area (SA1 vs SA2) : comparison of peak 10m height
wind speed during the passage of Cyclone Idai

Figure A 4-1 ERA-5 re-analysis derived modelled 10m height sustained wind velocity during passage
of Cyclone Idai for Main Survey Area Sa1 (blue) and Reference Area Sa2 (green). 0 hrs is 00:00 13th
March 2019 (European Centre for Medium-Range Weather Forecasts).
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II. Relationships between fallen basal area and initial ALOS-2 backscatter intensity,
latitude/longitude and topographic characterisitcs

Figure A 4-2 Variation in fallen basal area in 155 1 ha drone survey plots against summarised landscape
characteristics

A series of landscape position indicators were determined for each of the DSP 100 from
Shuttle Radar Topographic Mission (SRTM) 30 m resolution DEM, including elevation,
slope, aspect, topographic position index (TPi), topographic roughness index (TRi).
Broad vegetation type was determined by combining vegetation structure mapping
(using Sentinel-1 and Sentinel-2) performed by Sam Harrison of the University of
Edinburgh and my own field based assessments of vegetation type and structure
made during the field survey.
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III. Notes on cost of drone survey
In a supporting role (i.e. as an addition to an existing field survey effort) costs are low.
Consumer drones and equipment (tablet, spare batteries and transport case) as used
here can be purchased for £1500 and training required to perform simple automated
survey is minimal (<2 days). Person hours required for a 5 ha survey are approximately
3.5-4.5 hrs (30 minutes field, 60 processing, 120-180 digitising), at the rate of a PostDoctoral Researcher £70-90. Although licenced software was used for image
processing tasks in this work it is possible to perform these tasks with open source
software (Mlambo et al. 2017).

114

Chapter 4. Detection of Tropical Cyclone damage

4.11 References
Ahrends, Antje, Mark T. Bulling, Philip J. Platts, Ruth Swetnam, Casey Ryan, et al. 2021. 'Detecting
and predicting forest degradation: A comparison of ground surveys and remote sensing in
Tanzanian forests', PLANTS, PEOPLE, PLANET, 3: 268-81.
Akbari, V., and S. Solberg. 2020. 'Clear-Cut Detection and Mapping Using Sentinel-1 Backscatter
Coefficient and Short-Term Interferometric Coherence Time Series', IEEE Geoscience and
Remote Sensing Letters: 1-5.
Archibald, S., and R. J. Scholes. 2007. 'Leaf green-up in a semi-arid African savanna -separating tree
and grass responses to environmental cues', Journal of Vegetation Science, 18: 583-94.
Bouvet, Alexandre, Stéphane Mermoz, Marie Ballere, Thierry Koleck, and Thuy Le Toan. 2018. 'Use
of the SAR Shadowing Effect for Deforestation Detection with Sentinel-1 Time Series', Remote
Sensing, 10: 1250.
Charrua, Alberto Bento, Rajchandar Padmanaban, Pedro Cabral, Salomão Bandeira, and Maria M.
Romeiras. 2021. 'Impacts of the Tropical Cyclone Idai in Mozambique: A Multi-Temporal
Landsat Satellite Imagery Analysis', Remote Sensing, 13: 201.
Cook, GARRY D., and CLEMENCE M. A. C. Goyens. 2008. 'The impact of wind on trees in Australian
tropical savannas: lessons from Cyclone Monica', 33: 462-70.
Devi, Sharmila. 2019. 'Cyclone Idai: 1 month later, devastation persists', The Lancet, 393: 1585.
Eriksson, L. E. B., J. E. S. Fransson, M. J. Soja, and M. Santoro. 2012. "Backscatter signatures of windthrown forest in satellite SAR images." In 2012 IEEE International Geoscience and Remote
Sensing Symposium, 6435-38.
Forkuor, Gerald, Jean-Bosco Benewinde Zoungrana, Kangbeni Dimobe, Boris Ouattara, Krishna
Prasad Vadrevu, et al. 2020. 'Above-ground biomass mapping in West African dryland forest
using Sentinel-1 and 2 datasets - A case study', Remote Sensing of Environment, 236: 111496.
Fransson, J. E. S., A. Pantze, L. E. B. Eriksson, M. J. Soja, and M. Santoro. 2010. "Mapping of windthrown forests using satellite SAR images." In 2010 IEEE International Geoscience and
Remote Sensing Symposium, 1242-45.
Fransson, J. E. S., F. Walter, K. Blennow, A. Gustavsson, and L. M. H. Ulander. 2002. 'Detection of
storm-damaged forested areas using airborne CARABAS-II VHF SAR image data', Ieee
Transactions on Geoscience and Remote Sensing, 40: 2170-75.
Gorelick, N., M. Hancher, M. Dixon, S. Ilyushchenko, D. Thau, et al. 2017. 'Google Earth Engine:
Planetary-scale geospatial analysis for everyone', Remote Sensing of Environment.
Harris, I., Osborn, T.J., Jones, P. and Lister, D. 2020. 'Version 4 of the CRU TS Monthly HighResolution Gridded Multivariate Climate Dataset', Scientific Data, 7.
Hijmans, Robert J., Van Etten, J.,. 2012. 'Raster: Geographic analysis and modeling with raster data'.
Hu, Tangao, and Ronald B. Smith. 2018a. 'The Impact of Hurricane Maria on the Vegetation of
Dominica and Puerto Rico Using Multispectral Remote Sensing', Remote Sensing, 10: 827.
———. 2018b. 'The Impact of Hurricane Maria on the Vegetation of Dominica and Puerto Rico Using
Multispectral Remote Sensing', 10: 827.
Ibanez, Thomas, Gunnar Keppel, Christophe Menkes, Thomas W. Gillespie, Matthieu Lengaigne, et al.
2019. 'Globally consistent impact of tropical cyclones on the structure of tropical and
subtropical forests', Journal of Ecology, 107: 279-92.
Itoh, T., M. Shimada, T. Motooka, M. Hayashi, T. Tadono, et al. 2017. "25m-resolution Global Mosaic
and Forest/Non-Forest map using PALSAR-2 data set." In, B13A-1758.
Joshi, Neha, Edward T. A. Mitchard, Matthew Brolly, Johannes Schumacher, Alfredo FernándezLanda, et al. 2017. 'Understanding ‘saturation’ of radar signals over forests', Scientific Reports,
7: 3505.
Kelsey, Katharine C., and Jason C. Neff. 2014. 'Estimates of Aboveground Biomass from Texture
Analysis of Landsat Imagery', Remote Sensing, 6: 6407-22.
Lewis, Rebecca, and Katherine Bannar-Martin. 2012. 'The Impact of Cyclone Fanele on a Tropical Dry
Forest in Madagascar', Biotropica, 44: 135-40.
Lin, Teng-Chiu, J. Aaron Hogan, and Chung-Te Chang. 2020. 'Tropical Cyclone Ecology: A ScaleLink Perspective', Trends in Ecology & Evolution, 35: 594-604.

115

Chapter 4. Detection of Tropical Cyclone damage
McNicol, Iain M., Casey M. Ryan, and Edward T. A. Mitchard. 2018. 'Carbon losses from deforestation
and widespread degradation offset by extensive growth in African woodlands', Nature
Communications, 9.
Mitchard, E. T. A., S. S. Saatchi, S. L. Lewis, T. R. Feldpausch, I. H. Woodhouse, et al. 2011.
'Measuring biomass changes due to woody encroachment and deforestation/degradation in a
forest–savanna boundary region of central Africa using multi-temporal L-band radar
backscatter', Remote Sensing of Environment, 115: 2861-73.
Mitchard, E. T. A., S. S. Saatchi, I. H. Woodhouse, G. Nangendo, N. S. Ribeiro, et al. 2009. 'Using
satellite radar backscatter to predict above-ground woody biomass: a consistent relationship
across four different African landscapes.' in, Geophysical Research Letters.
Mlambo, Reason, Iain H. Woodhouse, France Gerard, and Karen Anderson. 2017. 'Structure from
Motion (SfM) Photogrammetry with Drone Data: A Low Cost Method for Monitoring
Greenhouse Gas Emissions from Forests in Developing Countries', Forests, 8: 68.
Naidoo, Laven, Renaud Mathieu, Russell Main, Konrad Wessels, and Gregory P. Asner. 2016. 'L-band
Synthetic Aperture Radar imagery performs better than optical datasets at retrieving woody
fractional cover in deciduous, dry savannahs', International Journal of Applied Earth
Observation and Geoinformation, 52: 54-64.
Negrón-Juárez, Robinson, David B. Baker, Jeffrey Q. Chambers, George C. Hurtt, and Stephen
Goosem. 2014. 'Multi-scale sensitivity of Landsat and MODIS to forest disturbance associated
with tropical cyclones', Remote Sensing of Environment, 140: 679-89.
Negrón-Juárez, Robinson I., Jeffrey Q. Chambers, George C. Hurtt, Bachir Annane, Stephen Cocke, et
al. 2014. 'Remote Sensing Assessment of Forest Disturbance across Complex Mountainous
Terrain: The Pattern and Severity of Impacts of Tropical Cyclone Yasi on Australian
Rainforests', Remote Sensing, 6: 5633-49.
Negrón-Juárez, Robinson I., Hillary S. Jenkins, Carlos F. M. Raupp, William J. Riley, Lara M.
Kueppers, et al. 2017. 'Windthrow Variability in Central Amazonia', Atmosphere, 8: 28.
Ningthoujam, Ramesh K., Heiko Balzter, Kevin Tansey, Ted R. Feldpausch, Edward T. A. Mitchard,
et al. 2017. 'Relationships of S-Band Radar Backscatter and Forest Aboveground Biomass in
Different Forest Types', Remote Sensing, 9.
O'Connor, Tim G., James R. Puttick, and M. Timm Hoffman. 2014. 'Bush encroachment in southern
Africa: changes and causes', African Journal of Range & Forage Science, 31: 67-88.
Paneque-Gálvez, Jaime, Michael K. McCall, Brian M. Napoletano, Serge A. Wich, and Lian Pin Koh.
2014. 'Small Drones for Community-Based Forest Monitoring: An Assessment of Their
Feasibility and Potential in Tropical Areas', Forests, 5: 1481-507.
Phiri, Darius, Matamyo Simwanda, and Vincent Nyirenda. 2020. 'Mapping the impacts of cyclone Idai
in Mozambique using Sentinel-2 and OBIA approach', South African Geographical Journal: 122.
Rossi, Esteban, John Rogan, and Laura Schneider. 2013. 'Mapping forest damage in northern Nicaragua
after Hurricane Felix (2007) using MODIS enhanced vegetation index data', GIScience &
Remote Sensing, 50: 385-99.
Rüetschi, Marius, David Small, and Lars T. Waser. 2019. 'Rapid Detection of Windthrows Using
Sentinel-1 C-Band SAR Data', 11: 115.
Ryan, Casey M., Nicholas J. Berry, and Neha Joshi. 2014. 'Quantifying the causes of deforestation and
degradation and creating transparent REDD+ baselines', Applied Geography, 53: 45-54.
Ryan, Casey M., Timothy Hill, Emily Woollen, Claire Ghee, Edward Mitchard, et al. 2012.
'Quantifying small-scale deforestation and forest degradation in African woodlands using radar
imagery', Global Change Biology, 18: 243-57.
Ryan, Casey M., and Mathew Williams. 2011. 'How does fire intensity and frequency affect miombo
woodland tree populations and biomass?', Ecological Applications, 21: 48-60.
Ryan, Casey M., Mathew Williams, and John Grace. 2011. 'Above- and Belowground Carbon Stocks
in a Miombo Woodland Landscape of Mozambique', Biotropica, 43: 423-32.
Shimada, Masanobu, Takuya Itoh, Takeshi Motooka, Manabu Watanabe, Tomohiro Shiraishi, et al.
2014. 'New global forest/non-forest maps from ALOS PALSAR data (2007–2010)', Remote
Sensing of Environment, 155: 13-31.

116

Chapter 4. Detection of Tropical Cyclone damage
Tanase, Mihai A., Cristina Aponte, Stéphane Mermoz, Alexandre Bouvet, Thuy Le Toan, et al. 2018.
'Detection of windthrows and insect outbreaks by L-band SAR: A case study in the Bavarian
Forest National Park', Remote Sensing of Environment, 209: 700-11.
Tanner, E.J., Francisco Rodriguez-Sanchez, John Healey, holdaway rj, and Peter Bellingham. 2014.
'Long-term hurricane damage effects on tropical forest tree growth and mortality', Ecology, 95:
2974-83.
Tomppo, Erkki, Ghasem Ronoud, Oleg Antropov, Harri Hytönen, and Jaan Praks. 2021. 'Detection of
Forest Windstorm Damages with Multitemporal SAR Data—A Case Study: Finland', Remote
Sensing, 13.
Ulander, L. M. H., G. Smith, L. Eriksson, K. Folkesson, J. E. S. Fransson, et al. 2005. "Mapping of
wind-thrown forests in Southern Sweden using space- and airborne SAR." In Proceedings.
2005 IEEE International Geoscience and Remote Sensing Symposium, 2005. IGARSS '05.,
3619-22.
Ulanova, Nina G. 2000. 'The effects of windthrow on forests at different spatial scales: a review', Forest
Ecology and Management, 135: 155-67.
Uriarte, María, Jill Thompson, and Jess K. Zimmerman. 2019. 'Hurricane María tripled stem breaks and
doubled tree mortality relative to other major storms', Nature Communications, 10: 1362.
Watanabe, Manabu, Rajesh Bahadur Thapa, Tsuneo Ohsumi, Hiroyuki Fujiwara, Chinatsu Yonezawa,
et al. 2016. 'Detection of damaged urban areas using interferometric SAR coherence change
with PALSAR-2', Earth, Planets and Space, 68: 131.
Woodhouse, Iain H., Edward T. A. Mitchard, Matthew Brolly, Danae Maniatis, and Casey M. Ryan.
2012. 'Radar backscatter is not a 'direct measure' of forest biomass', Nature Climate Change, 2:
556-57.

117

Chapter 5. Impacts of community-based forest management

Chapter 5:
Community-based forest management in Tanzania reduces
deforestation and degradation – in most cases

Senegalia nigrescens

118

Chapter 5. Impacts of community-based forest management

5.1. Summary
Centralised protection of forest resources through government management of
national parks and reserves has in many - if not all - cases led to demonstrable
reduction of forest conversion within designated areas. Centralised management
approaches have in some cases also caused marginalisation of communities whom
can be greatly affected by conservation intervention, but with limited or no personal
benefits. Community-based forest management (CBFM) aims to achieve sustainable
forest resource use and local distribution of benefits of forest management activities
through formal transfer of legal rights for areas of land to local communities.
Tanzania - a country experiencing one of the highest forest conversion rates in
the world – supports CBFM through provisions in the Forest Act 2002 and it is now a
geographically widespread form of forest resource management through a network of
Village Land Forest Reserves (VLFRs). Although studies have shown VLFRs are –
generally - regarded positively by communities, the impacts of establishment on land
cover change (LCC) in Tanzania have not been rigorously assessed in context of the
dominant modes of forest and woodland resource use in this region, limiting
understanding of the long terms efficacy of VLFRs as a sustainable form of resource
management.
Here data is obtained for a sample of seven VLFRs in South East Tanzania
established between 2010 and 2014. LCC is mapped for the region using the ALOS1 and ALOS-2 satellites including metrics of both deforestation and, for the first time,
degradation. Statistical matching is used to account for dissimilarities between VLFRs
and areas with no protection status and rates of deforestation and degradation are
calculated inside and outside the VLFRs to determine the effectiveness of VLFRs in
reducing rates of deforestation and degradation. VLFRs in the sample are found to
have lower rates of deforestation (in fact almost no deforestation) in all but one case,
and lower (but more variable) rates of degradation in all but two cases. In all VLFRs
the woody biomass density of forest-remaining-forest areas is increasing, though in
the context of a wider trend of increasing biomass in the study area and this region
this result is interpreted cautiously – some are increasing at a slower rate than nonprotected areas. Special consideration is given to the one VLFR that experienced
extensive severe LCC during the study period, primarily a result of rapid expansion of
commodity crop cultivation.
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This work indicates that the sample of VLFRs assessed in this study are for the
most part effective in reducing LCC. Further work which aims to pick apart the factors
that contribute to the effectiveness of VLFRs is required and it is likely that this will
only be realised through gathering detailed information on management activities of
individual VLFRs. Nonetheless, this result indicates that the continued support for
projects may have substantial benefits in the management of socially and
economically critical resources.

5.2 Introduction
5.2.1 Protected area status
Centralised approaches to conservation of natural resources and their
associated ecosystem services and cultural values have been used extensively to in
Africa and globally through establishment of state protected areas (PAs). Although
PAs have demonstrably led to reductions in rates of resource extraction inside
reserves (Brockington 2007; Andam et al. 2008; Butsic et al. 2015; Bowker et al. 2017),
there are also examples in which establishment there is no obvious impact, and in
some cases PAs have experienced significant loss of forest resource within their
boundaries during operation (Janssen et al. 2018; Bowker et al. 2017). Meanwhile,
whilst PAs are established with the intention of maintaining ecosystem services and
cultural values attached to landscapes, this only extends to those that do not interfere
with conservation outcomes (Dudley 2008). Although governing bodies have often
sought to engage local communities through community conservation initiatives and
support of local development in many cases this has failed to provide tangible benefits
for communities to counteract the possible costs of establishment caused by changes
in access to resources and livelihood activities (Infield 2001; Janssen et al. 2018;
Infield et al. 2018). As such it is widely acknowledged that centralised management
approaches are not the one size fits all solution to combating ongoing forest and
woodland resource loss (Schleicher et al. 2017).
Participatory forest management (PFM) approaches seek to decentralise forest
resource management. Responsibility for management is, at least in principle,
transferred to democratically elected village bodies (Treue et al. 2014). By engaging
villages in collaborative management agreements PFM aims to achieve both
sustainable resource management and equitable distribution of financial benefits
(Treue et al. 2014) whilst increasing levels of enforcement against illegal resource use.
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A growing body of research indicates that the impacts of PFM approaches can, in
terms of resource conservation be comparable to PAs. Comparing forest governance
regimes in Peru (PA, Indigenous Territories (ITs)), Schleicher et al. (2017) found that
the ITs (PFM) were effective in reducing forest resource conversion and degradation
relative to unprotected lands and on average more effective than PAs. PFM
approaches in the central Himalayas of India have been found to have comparable
outcomes to PAs (State Forests) in terms of forest cover (used as an indicator of
sustainable forest resource use) whilst also having considerably lower costs
(Somanathan, Prabhakar, and Mehta 2009). As with PAs, there are also examples in
which PFM has limited or no discernible influence on use of forest resources
(Rasolofoson et al. 2015).
Varying outcomes in the performance of PFM approaches are influenced by
local and regional geographical and institutional factors, and the conditions required
for successful applications of PFM can be complex (Bowler et al. 2012; Sitoe and
Guedes 2015). Landscape accessibility, resource quality and proximity to populations
that rely on resources directly (for fuel and construction) or use them for commercial
gain is critical and varies significantly depending on PFM location and local, regional
and national infrastructure and resource value chains (Baumert et al. 2016).
Establishment of clear and easily observed boundaries and communication of rights
and responsibilities to all community members is critical for ensuring management
protocols are observed (Ostrom and Nagendra 2006; Dietz, Ostrom, and Stern 2003;
Sitoe et al. 2014) but this is often hard to achieve practically, leading to conflict and
accidental or deliberate contravention of rules. At the community level, participation in
ongoing activities contributing to PFM goals - such as forest monitoring surveys - is
not always sustained, limiting assessment of changing forest condition which would
otherwise inform resource management decisions (Sitoe and Guedes 2015; Ellis,
Romero Montero, and Hernández Gómez 2017; Ribeiro et al. 2020).
PFM is increasingly being adapted in nations that are both richest in woodland
and forest resources and most dependent on them socially and economically. As with
any form conservation intervention, assessment of impacts of PFM is crucial for
directing conservation resources (Schleicher et al. 2019). This can be challenging in
some regions, and none more so than in the tropical woodlands of SE Africa. Here the
reliance on forest and woodland resources is high in both rural and urban populations
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(Ryan et al. 2016a) and the proximate causes are many and geographically variable
(Doggart et al. 2020; Ahrends et al. 2010). Owing to both the structure of these
woodlands and the many types of resource use activities, patterns of resource loss
can be subtle and difficult to detect remotely (Naidoo et al. 2016; McNicol, Ryan, and
Mitchard 2018). There is thus a need for further study of PFM outcomes in SE Africa
that is both alive to the local socio-ecological context, and uses statistical techniques
to ensure a fair assessment of the impact of the PFM structures per se, and not the
myriad other drivers of resource utilisation.
5.2.2 The Tanzanian context: Underlying causes and proximate drivers of forest
conversion and use
Use of forest and woodland resources in Tanzania is amongst the most intense
in southern Africa (McNicol, Ryan, and Mitchard 2018). Tanzania is in the top ten
globally for forest conversion rates: ~0.8% annually from 2010-2015 (FAO 2015),
although this may be a large underestimate – McNicol, Ryan, and Mitchard (2018)
estimate that between 2007-2010 this rate was in excess of 3.0% annually.
Furthermore, forest conversion (hereafter deforestation) is not even the dominant
mode of resource loss in Tanzania. Forest degradation has been defined variously,
but broadly refers to the reduction of tree population due to selective removal or trees
(or manipulation of landscape processes such as fire) with resulting diminishment of
the ecosystem’s ability to provide goods and services (FAO 2015). Recent
assessment of AGB change in southern Africa between 2007 and 2010 estimated that
Tanzanian annual losses to degradation were ~0.18 PgC yr-1, compared to ~0.01 PgC
yr-1 for deforestation (McNicol, Ryan, and Mitchard 2018).
The underlying drivers of intense resource use are numerous. Agriculture is the
largest component of the economy of Tanzania, providing 30% of Gross Domestic
Product and 25% of annual exports (Schenck 2018). In Tanzania small family farms
(75%) of agricultural production (FAO 2018). As a result conversion of small areas of
woodland and forest to agricultural land for subsistence are responsible for much more
loss than commodity crops and products nationally (Curtis et al. 2018). The centrality
of agriculture to rural livelihoods and wellbeing coupled with static or - owing to
changing climate - potentially falling yields (Schlenker and Lobell 2010) and high rates
of population growth mean that small scale agriculture is often seen as a key threat to
forest conservation, despite being the back bone of food security in the country. Use
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of forest and woodland resources for energy production is the key human activity
shaping the structure and composition of remaining forests and woodlands. This is
driven by a high dependence on wood for domestic energy. Across this region of Sub
Saharan Africa (SSA) >90% of rural populations and >70% of urban populations rely
on woodfuels as their primary source of energy (Bailis, Ezzati, and Kammen 2005).
Increasing levels of fuelwood scarcity are now occurring throughout the region, leading
to adaptation of fuelwood practices (Scheid et al. 2019). This has led to greatly
increased pressure on resources and expansion of the areas which are exploited by
settlements at local and regional scales (Ahrends et al. 2010). Finally, ineffective
governance of natural resources and corruption within institutions charged with
management continues to be an impediment to sustainable harvesting (Sander, Gros,
and Peter 2013).
The proximate causes of woodland and forest resource use and loss are
regionally variable. Recent analysis of 119 deforested plots areas across Tanzania
indicated that between 2010 and 2017 clearance for crop cultivation was also the
primary driver of deforestation, present in more than 90% of plots and the primary
reason for conversion in 80% of plots (Doggart et al. 2020). With small family farms
(1-1.5 ha) responsible for the majority of production (FAO 2018), conversion of small
areas of woodland and forest to agricultural land for subsistence - whether permanent
or as part of a rotation cycle - is responsible for much more loss than commodity crops
and products nationally (Curtis et al. 2018). The probability of conversion to agriculture
is highly impacted by historical use patterns and proximity to currently converted land.
Primary crops include Maize, Sorghum and Sesame with Maize responsible for the
bulk of agricultural production at the national scale (Wilson and Lewis 2015). More
than 80% of households report Maize as their main crop in a 2012 survey of
agricultural production (FAO 2009).
Charcoal production contributes a large proportion to overall non-renewable
biomass loss and degradation in Tanzania (as in wider SSA (Hosonuma et al. 2012;
Sedano et al. 2021)), with estimates ranging from 20-33% (Doggart and Meshack
2017). Relative to agricultural conversion, clearance for charcoal production is
however much less likely to be the primary driver of deforestation events (representing
around 12%) of cases (Doggart et al. 2020). With the more than 70% of urban
residents relying on charcoal as their primary source of energy demand in areas
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proximal to urban areas and large transport links is extremely high (Treue et al. 2014;
Ahrends et al. 2010). Historically, impacts of charcoal production diminished relatively
rapidly with travelling distance and time from populated areas. Growing urban
populations and slow rates of adoption of alternative sources of energy (Ryan et al.
2016a; Sedano et al. 2021) mean demand is increasing. As such in recent decades
the spatial extent of the impacts of charcoal production around large urban centres
such as Dar es Salaam can be observed increasing distances (Ahrends et al. 2010).
Species selection also becomes progressively less discriminate as use of an area
continues, the result being more severe degradation of woody resource over time
(Silva et al. 2019).
In contrast to charcoal, fuelwood is largely utilised by rural populations but,
owing to high rural populations and extremely widespread use, is responsible for a
substantial portion of total energy consumption within Tanzania (Johnsen 1999).
Surveys of the distance individuals from rural communities travel for fuelwood
collection generally indicate a range of 1-2 km is typical, though large areas of eastern
Africa including rural Tanzania are in a condition of increasing fuelwood scarcity
however, with demand outstripping supply from traditional scope and type of fuelwood
collection. This leads to adaptation of extent and type of gathering, with developments
in collection methods (use of bicycles and wheeled containers) increasing the
woodshed extent, in some cases substantially. Livewood collection and collection of
previously unharvested species has also been reported as a means of countering
shortage and as such the impacts of fuelwood collection on forest and woodland
resources are also increasing in both intensity and spatial extent in rural regions
(Scheid, Hafner, Hoffmann, Kächele, et al. 2018).
Although agriculture and energy production are the primary motives of many
activities, they rarely happen in isolation from each other and are associated with
further activities such as grazing and manipulation of the fire regime that have further
impacts on resources (Doggart et al. 2020). Whilst fire is an integral process in the
landscape throughout much of Tanzania, wildfires initiated in the dry season
(sometimes but not always resulting from poor management of burning activities
associated with agriculture charcoal production) can lead to substantial degradation if
they become too frequent or reach ecosystems not well adapted to such disturbances.
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Such events are becoming more frequent in montane rainforests including some
ecologically critical ecosystems such as the Eastern Arc forests (Kilawe et al. (2020).
The result of evolving demands for agricultural products and energy is
widespread and in the last decade accelerating loss of woodland and forest resources
(Hosonuma et al. 2012; Doggart et al. 2020). This trend has long prompted concern
from conservationists regarding the health of impacted woodlands and sustainability
of resource provision (Campbell 1996; Jew, Dougill, Sallu, O’Connell, et al. 2016; Jew,
Dougill, Sallu, O'Connell, et al. 2016). A range of policy responses resulted, including
the establishment of several types of PFM pilot projects from the 1990s onwards (see
Treue et al. (2014)).
5.2.3 Participatory Forest Management in Tanzania under the 2002 Forest Act
Management of forest and woodland resources in Tanzania accords to the
2002 Forest Act which formally allows for both centralised (National Forest Reserve)
and PFM approaches to forest resource management (Treue et al. 2014). Under the
broader PFM category two distinct forms are included; joint forest management (JFM)
and community-based forest management (CBFM). JFM operates via comanagement of national government reserves by local communities and district
government. In CBFM on the other hand, village governments are transferred legal
rights to manage and protect designated areas and benefit from extraction for both
commercial and non-commercial purposes. Within this system, Village Governments
have the rights to impose fines on and imprison actors not observing resource
extraction restrictions on Village Lands. By 2008 VLFRs comprised 2.3 million ha of
forest and 13% of villages in Tanzania were engaged in CBFM arrangements and with
the aid of international funding these numbers increased; in 2012, 1233 villages were
engaged in CBFM encapsulating 2.4M ha (URT 2012). Recent works have however
indicated that these figures may paint an overly optimistic picture of the success of
CBFM in Tanzania, with the number of VLFRs actually declared lagging far behind the
number engaged (Lund et al. 2017). With extremely ambitious targets for the
expansion of the VLFR network (URT 2021), the requirement for assessment of the
outcome of VLFR establishment is now greater than ever.
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5.2.4 CBFM in Tanzania – impacts on woodland and forest condition
Assessments of the impact of VLFRs on woodland/forest condition and land
cover change are relatively few with many studies focussing on impacts on community
livelihoods and community perceptions of VLFR benefits (Gross-Camp 2017;
Brockington 2007; Mwamfupe et al. 2020). Several studies have considered the
impacts of VLFRs on woodland and forest resource condition - either independently
or alongside social impact studies – and have for the most part reported reductions in
extraction activities (reduced prevalence of logging) and resulting positive impacts on
forest condition (Blomley et al. 2008; Persha and Blomley 2009; Treue et al. 2014). As
observed by (Schleicher et al. 2017) in Peru, Persha and Blomley (2009) found
comparable benefits for forest condition in VLFRs (i.e. community-based
management) to a reference forest in a state PA. Kalonga, Midtgaard, and Eid (2015)
observed improved regeneration and forest structure in FSC-certified VLFRs in Kilwa
District relative to PA (National Forest Reserves) and open access woodlands,
alongside a reduction in the incidence of fire. Findings have not been unanimously
positive however. Whilst Mbwambo et al. (2012) found evidence of improved forest
condition with CBFM (reduced harvest and increased number of stems in smaller
diameter classes indicating high recruitment), there was also evidence that
unsustainable extraction levels continued within many CBFM areas. (Treue et al.
2014) reported improved forest condition and sustainable extraction in VLFRs but also
noted that close to Dar es Salaam unsustainable extraction continued regardless of
VLFR establishment, as has been reported for other protection categories (Ahrends
et al. 2010).
Remotely sensed assessments of the impacts of VLFR establishment on
woodland and forest structure are the most lacking. Lupala et al. (2015) used both
field inventory and optical remote sensing found that the establishment of VLFRs in
the southern highlands of Tanzania led to increased woody biomass within boundaries
from 2000 pre-establishment to 2013 relative to controls outside. Rosa, Rentsch, and
Hopcraft (2018) used the High Resolution Global Maps of 21st Century Forest Cover
Change dataset (Hansen et al. 2013) to assess rates of conversion across all forms
of categories of protection in Tanzania (all categories of PA and VLFRs) and land with
no protection status. They found that relative incidence of forest loss was reduced in
VLFRs relative to no protection status, though the difference was very marginal and
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forest loss rates also increased in VLFRs over time during the analysis (2001-2014).
The authors also note that the proportion of land assessed in this study covered by
VLFR was however extremely small relative to other designations.
These studies (Lupala et al. (2015) and Rosa, Rentsch, and Hopcraft (2018))
exemplify a key challenge with remote assessments of the impacts of protected areas
on resource condition: detection of change events is challenging using optical remote
sensing. Optical remote sensing of tree cover in mixed tree grass ecosystems (such
as the Miombo woodlands which dominate Tanzania) is relatively inaccurate owing to
difficulties in differentiating different components of the vegetation communities on the
ground (Archibald and Scholes 2007; Naidoo et al. 2016). Optical remote sensing is
also insensitive to the sometimes subtle changes in woodland and forest structure
wrought by the widespread land uses in this region. In previous decades much of the
focus of monitoring change in woodland and forest condition in southern Africa (and
globally) has been concerned with mapping areas that have been converted from a
treed landscape to a treeless (or almost treeless) landscape; a process widely referred
to as deforestation. However, many of the resource use activities widely practiced in
these ecosystems (shifting cultivation, fuelwood collection, selective timber extraction
for specific livelihood activities) do not result in removal of all (or even a high
proportion) of trees from the landscape. The term degradation broadly refers to this
loss of substantial tree biomass from the landscape but without the conversion to a
treeless landscape.
Recent studies indicate that across southern Africa losses from degradation far
outweigh those from deforestation (McNicol, Ryan, and Mitchard 2018), although to
date there has been no remote sensing assessment of the impacts of VLFRs on rates
of degradation. Recent increases in the availability of Synthetic Aperture Radar (SAR)
data have greatly improved capabilities in detecting degradation. In particular L-Band
SAR has excellent capability in mapping change in forest and woodland resources in
this region (McNicol, Ryan, and Mitchard 2018; Ryan et al. 2012) and elsewhere in
Africa (Mitchard et al. 2009). Interacting primarily with larger structural components of
vegetation communities, L-Band SAR backscatter intensity exhibits a strong positive
relationship with the density of woody above ground biomass (AGB), saturating only
above ~50 tC ha-1. As such, it is possible to detect losses of woody biomass associated
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with livelihood activities with a high degree of accuracy, even when these do not result
in deforestation (Ryan et al. 2012).
It is important to note at this point that whilst the term deforestation implies an
initial ‘forest’ status, in this application this term is not based on a detailed ecological
assessment of ecosystem structure. Rather this often refers to a nationally or
internationally excepted definition of forest (such as 10-15% Canopy Cover threshold
used to define forest by the United Nations Food and Agricultural Organisation). Thus
in such studies a dense forest may experience either deforestation or degradation, as
may a relatively sparse woodland (provided it be initially above the minimum defined
threshold of tree cover/density). Similarly, the term degradation as used in remote
assessments is often somewhat removed from an ecological perspective of what
constitutes ecosystem degradation, being limited by lack of detailed information about
either structure, composition or landscape process. Rather, metrics of degradation are
tailored to be to capture events that are of intensity associated with key livelihood
activities (Ryan, Berry, and Joshi 2014b), whilst being detectable by the remote
sensing platform used. Therefore, whilst the use of these broad metrics is necessary
for consistency and suitable for comparison of outcomes across different management
regimes, the results can require careful interpretation.

5.3 Aim of analysis
An assessment of the effectiveness of VLFRs in reducing woodland resource
exploitation at a regional scale in Tanzania is thus far lacking. Methodologies for
performing such assessments are invaluable for performing large sample analysis that
can help to inform national conservation policy and help with targeting of conservation
resources. This analysis aims to assess the efficacy of a sample of VLFRs in
southeastern Tanzania in preventing net extraction of woodland resources. Synthetic
Aperture Radar (SAR) data will be used to assess spatiotemporal change in woody
biomass between 2010 and 2018, detecting areas of deforestation and degradation.
The rates of these land cover changes (LCCs) will be compared, between VLFRs and
unprotected areas with similar characteristics. We aim to answer the following
questions:
1. Do VLFRs reduce deforestation in the woodlands of southeastern Tanzania?
2. Do VLFRs reduce degradation in the woodlands of southeastern Tanzania?
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5.4 Method
5.4.1 Study area and Village Land Forest Reserves
The study area encapsulates the districts of Kilwa, Lindi Rural, Liwale,
Nachingwea, Ruangwa and Tunduru in the Lindi Region of southeastern Tanzania
(Figure 1). Floristically the eastern extent of the study area is classified as the East
African Coastal Mosaic, highly fragmented remnants of a forest previously thought to
have extended from Somalia all the way to southern Mozambique (Burgess and Clarke
2000). The southern and western extents of the study area are a mosaic of Drier
Zambezian Miombo Woodlands. Population density is low through much of this region,
with an average of ~10 person / km2, though there is considerably higher population
density along major access routes in the east (Fig 5.1) and much lower density in the
West, much of which has <1 person / km2 .
Treatment Area - Village Land Forest Reserves (VLFRs)
Geospatial data describing the extent of VLFRs was gathered primarily from
the Mpingo Conservation and Development Initiative (MCDI), which has been active
in setting up and supporting the management of these areas. We consider VLFRs
established 2010-2014 to allow assessment of a minimum of 4 years of management
(as the remote sensing data runs to 2018).
Excluded area - State Protection Areas and intervention buffers
Spatial data for other conservation categories in the study area were downloaded from
the World Database of Protected Areas (WDPA) using the R package “wdpar”. The
spatial extents of National Forest Reserves and National Game Reserves are
excluded entirely from the analysis, including Selous Game Reserve. Both VLFRs and
PAs could potentially cause “spillover” effects (Schleicher et al. 2019), either by
displacement of extraction formerly occurring within the now protected area or from
avoidance of the area. In order to allow for this, buffers were created around all
categories and also excluded from the analysis. In the case of VLFRs a buffer of 1 km
was used, whilst for other PAs a buffer of 5 km was excluded (as in Schleicher et al.
(2017)). Having excluded all pre-2010 and post-2014 VLFRs, PAs and their respective
buffer areas the remaining land area within the Study Area was classified as Nontreatment, and pixels were sampled from this area in order to perform the matching
analysis. The resulting categorisation of the Study Area is shown in Figure 5.1..
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Figure 5.1 Study Area - assessed Village Land Forest Reserves (treatment areas) and non-treatment
areas. VLFRs are labelled with name and year of establishment. Protected Area includes National
Parks, National Forest Reserves and Wildlife Management Areas but Excludes Open Areas (which
have no formal protection status).Village Land Forest Reserves assessed

Seven Village Land Forest Reserves were included in this analysis, all
established with the assistance of Mpingo Conservation Development Initiative
between 2010 and 2014. VLFRs were also chosen on and availability of spatial data
for boundaries that did not change substantially during the course of the assessment
period (one additional VLFR was excluded from analysis based on the substantial
change in boundaries which increased area by more than 50%). A goal of MCDI in
establishing the VLFRs is obtaining Forestry Stewardship Council (FSC) certification.
During the time of analysis five of the sample of seven VLFRs had obtained FSC
certification, with Kitogoro and Mtawatawa yet to obtain.
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5.4.2 Detecting temporal change in Above Ground Biomass
We use L-band radar backscatter to estimate biomass and biomass change in
the study areas. Radar data were obtained from the Global 25 m Resolution PALSAR2/PALSAR Mosaic (Itoh et al. 2017; Shimada et al. 2014), which is terrain and
radiometrically-corrected wall-to-wall product of radar backscatter composited from
data collected by the Phased Array type L-band Synthetic Aperture RADAR (PALSAR
and PALSAR2) instruments carried by the Advanced Land Observing Satellites (ALOS
and ALOS-2). Synthetic Aperture RADAR (SAR) and specifically L-Band SAR
backscatter has been used widely for the observation of woody biomass change in
tropical regions (Mitchard et al. 2009; Ryan et al. 2012; McNicol, Ryan, and Mitchard
2018). The electromagnetic energy emitted by SAR is capable of penetrating the
canopy and interacting with larger structural components of trees, with the intensity of
backscattered energy received by the sensor proportional the woody volume. L-Band
SAR (which utilises polarised electromagnetic energy of frequency 1-2GHz, ʎ ~0.23m)
in particular exhibits a very strong relationship with Above Ground Biomass (AGB).
Although this relationship saturates at biomass of ~150 Mg ha-1, the relatively low AGB
of much of southern and eastern Africa makes SAR an extremely effective instrument
for monitoring biomass in this region. However, the radar data requires calibration to
ground data, which needs to be repeated for the different ALOS sensors (Bispo et al.
2020).
Ground Calibration and Validation Data
Permanent Sample Plots (PSPs) were used to calibrate the biomass-radar
backscatter relationship. 25 1 ha plots were established in 2010 (see McNicol et al.
(2018)) to calibrate ALOS-1 (which collected data from 2007-11), and as part of this
project, 19 PSPs were re-measured in 2017 to allow the calibration of ALOS-2 (2014date). The size of these plots (1 ha) makes them optimal for estimation of the AGBradar backscatter relationships. The PSPs are purposively distributed across a
gradient of AGB density (~2-50 Mg ha-1), ensuring the estimated biomass-backscatter
relationship is representative for the range of savanna/woodland/forest environments
within the study area. On each PSP every stem above 5 cm Diameter at Breast Height
(DBH, taken at 1.3 m) was recorded in 2010 and 2017 (and also 2012, not used in this
study), using standardised methods (The SEOSAW partnership 2020). All stems are
tagged to ensure reliable re-measurement. Published allometric equations derived
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specifically for Miombo woodlands of this region (Ryan, Williams, and Grace 2011)
were used to estimate AGB.
Image processing
Inspection of the 2018 ALOS mosaic highlighted discontinuities across the
study area extent, with abrupt changes in backscatter between adjacent acquisitions,
likely associated with varying soil moisture conditions. Soil moisture is known to
influence L-band backscatter (Lucas, 2010; McNicol 2018) and so it is preferable to
use dry season imagery to reduce artefacts. The mosaic product however includes
acquisitions from a range of time year. To account for this effect the 2017 and 2018
mosaic data were composited by selecting from the most appropriate of the 2017 and
2018 data based on date/season of acquisition as in (Rodríguez-Veiga et al. 2019).
Inspection of the subsequent mosaic showed greatly improved contiguity between
adjacent strips, and this composited mosaic was used for subsequent analysis. The
resulting raster was upscaled to 50m resolution. The decision to upscale was informed
by computational limitations imposed by the size of the study area (68000 km 2) and
the number of matching co-variates (nine co-variates, listed in table 5-1, all of which
were resampled to match or derived from this raster in the creation of the analysis
dataset).
Estimating the radar backscatter - biomass relationships for both time points
Spatial locations for the PSPs were used to generate zonal statistics (mean
backscatter for all radar image cells intersecting the plot area) using R statistical
software v3.5.1 (R Core Team 2020), and the ‘raster’ package (Hijmans 2012). These
mean plot level backscatter (ɣ0) values were used to predict ground-measured AGB
in a separate linear model for 2010 (ALOS-1) and 2018/17 (ALOS-2). A bootstrapping
procedure (100 samples, 70% holdout with replacement) was used to evaluate this
uncertainty in the relationships. These model parameters were then used to predict
AGB across the study area.
Land cover change definitions
A pixel was classified as Deforested if the AGB for the pixel was reduced by more than
20% of its initial value and moved from above to below a wooded threshold of 10 tC
ha-1 during the period 2010-2018. A pixel was classified as Degraded if the AGB for
the pixel was reduced by more than 20% of its initial value whilst remaining above the
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wooded threshold of 10 tC ha-1 during the period 2010-2018. 10 tC ha-1 is used as the
threshold in both cases as it represent a suitable “woodland” threshold for this region,
with AGB of this value corresponding to 10-15% Canopy Cover – the same as the
threshold used to define forest by the United Nations Food and Agricultural
Organisation (FAO).
5.4.3 Assessing VLFR effectiveness
Effectiveness in this study is considered as the difference in land cover change
rates between VLFRs and comparable areas. There are of course many other aspects
of effectiveness which are important to the assessment of VLFRS, but here we focus
on LCC; specifically deforestation and, with some novelty, degradation.
Accounting for covariate imbalance – Statistical Matching
A realistic assessment of the impacts of any conservation intervention must
account for dissimilarities between areas subject to intervention and comparison
areas. Statistical matching allows such an assessment and is an increasingly widely
used approach in assessment of impacts of conservation interventions (Schleicher et
al. 2019). Broadly, matching aims to identify untreated units (i.e. areas with no
intervention) that are similar to treated units in terms of potentially confounding covariates at pre-intervention baseline (Rasolofoson et al. 2015; Schleicher et al. 2019).
The analysis is referred to as “balanced” when the treated and untreated pixels have
similar values of the covariates. The resulting matched dataset should thus have
characteristics similar to a randomised experiment in terms of balance of potentially
confounding co-variates, allowing more robust assessment of treatment effect.
Here we use Coarsened Exact Matching (CEM) to match treated pixels to the
counterfactual (non-treatment). This method requires the investigator to make ex-ante
decisions based on knowledge of the co-variates being considered. This knowledge
is used to coarsen values of all covariates into strata, which are then matched exactly
(i.e. the treated pixels are compared to non-treated pixels in the same strata). The
advantages of this method are that it requires the analyst to make explicit decisions
about what degree of difference in the covariates is meaningful, prior to analysis. It
also allows for the ability to alter the balance in one covariate whilst having no effect
on the maximum imbalance of others, something that is not possible with other
matching approaches (Iacus, King, and Porro 2012). It is also computationally efficient
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with very large datasets such as used here (number of rows = 17M). Developing an
appropriately matched dataset using CEM is contingent therefore on both selection of
appropriate co-variates and appreciation of what constitutes meaningful variation in
the values of selected co-variates in terms of likelihood of resource utilisation.
We selected appropriate covariates by referencing to past studies that have
sought to understand the geography of deforestation and degradation in the region
and more broadly in global forest and woodland resource use literature (Ahrends et
al. 2010; Burgess and Clarke 2000; Rasolofoson et al. 2015; Scheid et al. 2019;
Schleicher et al. 2017). This resulted in a set of 9 covariates which are likely to
influence resource use rates and for which spatial data are available. Selected covariates comprise proxies of physical accessibility (distance from roads), proximity to
populations that utilise resources (at the local and regional scale), forest structure and
land suitability for other purposes. For each co-variate expert judgement was used to
coarsen data into appropriate stratum to use in CEM (Table 5-1 for covariates and
coarsening details).
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Table 5-1 Covariates used in matching, rationale for inclusion, data sources, notes on processing steps
and coarsening cut points used for the Coarsened Exact Matching.
Range
Values

Coarsening/
Cut points

Minute
s

42-997

0,120,240,360,4
80,600,72
(Time
Hrs:
0,2,4,6,8,10,12,
MAX)

Cluster populated
pixels.
Clumps
with more than 20
pixels mapped as
settlements.
Euclidian Distance
between populated
pixels and all nonpopulated pixels.
Resample (50m,
bilinear
interpolation)

Metres

0-59319

0,1000,2500,50
00,10000, 20000
(~One
way
travelling Time
Minutes: 15,)
*4 km/hr

As above. Then
apply a single pass
5km Focal Filter to
sum
all
pixel
values
and
appending to the
focal pixel.
Resample (50m,
bilinear
interpolation)

n

Co-variate

Inclusion Rationale

Source

Processing

Unit

Travel time to
urban centre

Charcoal production
is responsible for a
substantial
proportion
of
deforestation
activities (Doggart et
al. 2020; Doggart
and Meshack 2017).
Charcoal is primarily
consumed by urban
residents
and
although
the
charcoal catchment
is large, pressure
increases
considerable closer
to large settlements
(Ahrends et al. 2010;
Green et al. 2013).

A global map
of travel time
to cities to
assess
inequalities in
accessibility in
2015 (Weiss
et al. 2018)

Resample (50m,
bilinear
interpolation)

Distance
to
Settlement of
min
approx.
100 persons.

Fuelwood used for
the majority of rural
energy.
Local
woodlands
also
produce construction
materials.
Traditionally
the
extent of the spatial
extent of harvesting
around settlements
<5 km (round trip).
Fuelwood
scarcity
has
led
to
improvisation
of
collection methods to
increase in extent of
area collected from,
with observations of
trips of more than
20km (Green et al.
2013;
Preston,
Pypker, and Orr
2017;
Scheid,
Hafner, Hoffmann,
Kächele, et al. 2018).

United
Republic
of
Tanzania:
High
Resolution
Population
Density Maps
+
Demographic
Estimates
(Facebook
2018)

Approximate
Population
within
a
distance of 5
km

As above.
Inclusion accounts
for variation in size of
the populated area in
addition to proximity
to it. Larger villages
are likely to have an
impact over a wider
area
owing
to
necessity to rage
further to support
fuelwood
requirements.

(2018) United
Republic
of
Tanzania:
High
Resolution
Population
Density Maps
+
Demographic
Estimates
(Facebook
2018)

0,100,250,500,1
000,5000,10000
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Co-variate
Distance
Road

to

Distance
to
converted land

Number
of
converted
pixels within a
distance
of
5km

Inclusion Rationale

Source

Processing

Unit

Range
Values

Coarsening/
Cut points

In the case of both
Charcoal
and
fuelwood extraction
proximity to roads
influences
the
accessibility
and
ease of extraction
Areas close to roads
are preferable to
minimise
distance
materials are moved
via non-mechanised
means and over less
easily
traversed
terrain.
Conversion for crop
cultivation
or
livestock
is
responsible for the
majority
of
deforestation
in
Tanzania (Doggart et
al. 2020).
Expansion
of
existing areas of
cultivation is the
major
mode
of
increase
in
Deforested
area
(and
also
a
proceeding wave of
Degradation as other
ecosystems services
are extracted before
conversion).

Global
patterns
of
current
and
future
road
infrastructure
(Meijer et al.
2018)

Euclidian Distance
from roads.
Resample (50m,
bilinear
interpolation)

Metres

0-46294

0,500,1000,200
0,3000,
(One
way
travelling Time
Minutes at 4
km/hr:
7.5,15,30,MAX)

Land
Cover
time-series
(1992-2015)
(European
Space Agency
2017)

10–Cropland,
Rainfed
20–Cropland,
Irrigated
30–Mosaic
cropland (>50%) /
natural vegetation
(<50%)
40– Mosaic
cropland (<50%) /
natural vegetation
(>50%)
Euclidian Distance
from all converted
areas to all nonconverted pixels.
Resample (50m,
bilinear
interpolation)).

Metres

0-68767

0,2500,5000,75
00,10000,MAX

As above.
Inclusion
also
accounts for the
nature of conversion
activities. Expansive
areas of conversion
in the vicinity are
likely associated with
larger
conversion
activities that are
potentially
more
aggressive
in
expansions
(commodity
crop
cultivations
for
example).
Small
areas of conversion
may be associated
with
shifting
cultivation and small
farm activities, which
are less likely to
exert significant and
expanding pressure
on
Forest
and
Woodland resources
than the former.

Land
Cover
time-series
(1992-2015)
(European
Space Agency
2017)

As above and in
addition apply a
single Pass 5km
Focal
Filter,
summing
all
300x300m
converted pixels
(i.e. binary 0/1
occurrence) values
and appending to
the focal pixel.
(Reclassification to
binary
Euclidian
Distance from all
converted areas to
all non-converted
pixels. Resample
(50m,
bilinear
interpolation))

n

0,1,5,10,25,50,1
00,500, MAX
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Co-variate

Inclusion Rationale

Source

Processing

Unit

Range
Values

Coarsening/
Cut points

Distance
to
Woodland/For
est Edge

Edges of forests are
more
readily
exploitable and more
susceptible
to
potential
human
wrought
environmental
change (such as fire
regime manipulation
etc). (Green et al.
2013)

Global 25 m
Resolution
PALSAR2/PALSAR
Mosaic (Itoh et
al. 2017)

Metres

0-29744

0, 2500, 5000,
10000, 20000,
MAX

Woodland/For
est Structure –
2010 Biomass

Woodlands
and
forests have different
resource
values
owing
to
the
differences
in
species
and
resource use types.
This
effects
the
likelihood
of
exploitation and the
type of extractions.
Maize – Rainfed
suitability for low
input
Maize
cultivation for the
period from 19812010 – continuous
values.
.

Global 25 m
Resolution
PALSAR2/PALSAR
Mosaic (Itoh et
al. 2017)

Isolate large (>1km
x 1km equivalent)
contiguous areas
of
non-wooded
from
2010
Biomass map (<10
tC ha-1).
Euclidian Distance
from
edge
of
Wooded/Forested
areas to all interior
pixels.
All 2010 pixels 1050
tC
ha-1
classified
as
woodland,
all
above 50 tC ha-1
classified
as
Forest.

tC ha-1

0-100

0,10,50,MAX

Resample (50m,
bilinear
interpolation)

Index

1864-10000

Equal
Interval
1.Good, 2.GoodMod,
3.Mod,
4.Mod-Poor,
5.Poor

Maize
Suitability

Global AgroEcological
Zones (Food
and
Agriculture
Organization
of the United
Nations 2012)

Spatial data for all covariates was obtained and processed as outlined in the
table, with all data and derived data resampled to the same grid as the binary
deforestation and degradation rasters. These rasters were then stacked and converted
to a dataframe to use in the CEM, which was performed for each individual VLFR using
the CEM function in the Matchit package using the coarsening parameters listed in
Table 1. From the CEM process a new dataset is produced which contains indexing
for the matched data which is then used to subset the dataset to assess rates of
deforestation and degradation for each VLFR and its respective matched non-VLFR
pixels.
Assessing VLFR effectiveness in matched data
After matching the rates of deforestation and degradation between 2010 and
2018 in the treated (VLFR) and non-treated (non-VLFR) areas were taken as the mean
of the binary deforestation and degradation fields for matched VLFR and non-VLFR
pixels. Effectiveness in this study is considered as the difference in land cover change
rates between VLFRs and comparable areas in the matched data. There are of course
many other aspects of effectiveness which are important to the assessment of VLFRs,
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but here we focus on LCC and for the first time in this region (and indeed southern
Africa) consider degradation as well as deforestation. A simple effectiveness score, E,
was calculated to quantify the relative impact of each given VLFR on deforestation
and degradation rates relative to similar (matched) non-VLFR pixels:
𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠 𝑆𝑐𝑜𝑟𝑒 (𝐸) = 1 − (

𝑀𝑎𝑡𝑐ℎ𝑒𝑑 𝑉𝐿𝐹𝑅 𝑅𝑎𝑡𝑒
) 𝑥 100
𝑀𝑎𝑡𝑐ℎ𝑒𝑑 𝑁𝑂𝑁 − 𝑉𝐿𝐹𝑅 𝑅𝑎𝑡𝑒
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5.5 Results
5.5.1 ALOS calibration - g0 backscatter and Aboveground Biomass
There was a strong relationship between ground measured AGB and radar
backscatter at both dates (Table 5-2, Figure 5.2).
Table 5-2 ALOS 1 and ALOS 2 – parameters for linear regression between mean Permanent Sample
Plot gamma0 backscatter and summed Aboveground Biomass (tC ha-1)

Platform

r2

Root mean square error (tC ha-1)

ALOS-1

0.822 ( 0.803 - 0.841 )

4.591 ( 4.347 - 4.835 )

ALOS-2

0.905 ( 0.895 - 0.914 )

3.32 ( 3.198 - 3.442 )

Figure 5.2 Relationship between ALOS1 and ALOS 2 backscatter intensity and above ground carbon
for 19 permanent sample plots in Kilwa District, Tanzania. Backscatter Intensity is the mean value for
all pixels falling within the 1 ha Permanent Sample plots.Aboveground Biomass is the sum of C for all
stems (calculated for each individual stem from the allometric developed by Ryan, Williams, and Grace
(2011)) within the Permanent Sample Plot. Some plots were actually measured in July-Oct 2017, though
the years 2017 and 2018 are considered equivalent for this analysis, and the 2018 ALOS mosaic is
used in the analysis.
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5.5.2 Regional Land cover change

Figure 5.3 Distribution of deforestation and degradation occurring between 2010 and 2018 within the
Lindi Region of Tanzania

A West-East contrast in both deforestation and degradation across the study
area is clear, with most land cover change between 2010 and 2018 having occurred
in the more populated areas in the eastern part of the study area, near to the main
highway. The vast majority of deforestation inland is associated with four large
clusters, two of which occur adjacent to Nanjirinji B (A, B). This area also experienced
widespread degradation, to the extent an almost contiguous area of approximately
2500 km2 is classed as either deforested or degraded. Degradation is identified more
diffusely across the study area. In the northern extent of the study area in particular
there are extensive areas of degradation with limited associated deforestation. In
several examples National Forest Reserve (NFR) boundaries are demarcated by
abrupt cessation of deforestation and degradation (C, D). This is not always the case
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though and degradation is identified uniformly across several NFRs and well within the
boundaries of Selous Game Reserve (E). Accessibility and proximity to population are
clearly key determinants of the distribution of deforestation and degradation in the
study area (see figure 5-4). Areas of deforestation and degradation are often closely
associated with areas of previous conversion, though this is not uniformly the case
and there are some localities with extensive clearances where previously there has
been very little.
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A

C

B

D

Figure 5.4 Distribution of deforestation and degradation and spatial relationship with human activities
which influence resource accessibility and pressure. Protected areas clearly have the effect of reducing
land cover change (Panel A), although some still occurs within protected boundaries. The most striking
spatial associations are with areas of previous conversion (Panel B) and roads (Panel C) highlighting
the importance of resource accessibility and infrastructure as a determinant of resource pressure and
likelihood of previous conversion. Whilst settlements (Panel D) are closely spatially associated with
roads, substantial losses occurred in some distance (>50km) from the nearest settlement, highlighting
the importance of roads in making such more accessible.
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Table 5-3 . 2010-2018 deforestation, degradation and carbon density change for village land forest
reserves in Lindi Region, Tanzania. Outright deforested and degraded Area, percentage of areas
classified as Forest/Woodland (>10 tC ha-1) in 2010 deforested or degraded in 2018 area and Forested
Area Carbon Density for sampled VLFRs (bounds are the range of values produced by the 100 sample
bootstrapping procedure). Final column is the percentage of Forest/Woodland pixels in each VLFR
matched to an external (non-VLFR) Forest/Woodland pixel by the Coarsened Exact Matching

2014

Mtawatawa

2014

Nainokwe A

2010

Nanjirinji A

2012

Ngea

2014

ity
Ca
(tC rbon
/ha
de
ns
)

12.0
( 11.55-12.54 )
3.9
( 3.43-4.38 )
5.4
( 4.79-5.97 )
12.0
( 11.49-12.60 )
1.7
( 1.49-1.91 )
3.0
( 2.67-3.23 )
3.8
( 3.46-4.09 )

Pe
rce
Pix ntag
els e o
Ma f Fo
tch res
t ed
ed

20
1

18
44
( 43.7-44.9 )
45
( 44.1-45.3 )
56
( 55.0-56.6 )
50
( 48.8-50.1 )
24
( 23.3-23.8)
32
( 31.7-32.4 )
32
( 31.3-32.0 )

▲

(tC

bo
nd
/ha ensi
ty
)

32
( 31.8-32.7 )
41
( 40.2-41.4 )
50
( 49.6-51.2 )
37
( 36.8-37.9 )
22
( 21.6-22.0 )
29
( 28.7-29.4 )
28
( 27.6-28.2 )

(tC

0
( 0.2-0.2 )
1
( 1.0-1.7 )
5
( 4.1-5.00 )
0
( 0.0-0.1 )
6
( 4.8-6.2 )
28
( 27.0-28.2 )
2
( 1.6-2.3 )

Car

16
( 13.6-17.7 )
111
( 86.8-135.9 )
234
( 211.6-256.8 )
9
( 7.6-10.8 )
405
( 353.7-457.1 )
14510
( 14211.8-14808.4 )
63
( 52.6-74.7 )

bo
nd
/ha ensi
ty
)

0
( 0-0.09 )
0
( 0.1-0.2 )
0
( 0-0 )
0
( 0-0.04 )
1
( 1-1.8 )
3
( 2.6-3.3 )
0
( 0.1-0.2 )
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5.5.3 Village Land Forest Reserves – overall area deforestation, degradation and
change
Between the individual VLFRs there was substantial variation in rates of
deforestation and degradation. Of all the VLFRs Nanjirinji A suffered the most severe
rates of both deforestation (3% of overall VLFR area) and degradation (28 % of overall
VLFR area) between 2010 and 2018, a remarkable loss considering this VLFR has by
far the largest areal extent. All VLFRs experienced increases in the density of
Aboveground Biomass in forested areas observed in all VLFRs between 2010 and
2018. For pixels Forested in 2010 and remaining so in 2018, the mean increase in
AGB density (at the level of the VLFR) varies substantially, with values of gain ranging
from 1.7 (1.49-1.91) – 12.0 (11.55-12.54) tC ha-1 over a period of 8 years.
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5.5.4 Matching – comparing proxies of resource pressure
Pre-matching co-variate values for treated and non-treated areas indicate that
VLFRs are in general in areas of lower local population (i.e. much lower populations
counts within 5km) but often closer to populated centres of more than ~1000 people
(being associated with a relatively small populated centre). VLFRs are also uniformly
further away from expansive areas of cultivation. The matching improved balance in
most co-variates, though this was not the case for some co-variates and some VLFRs
(Appendix Table A5.1). Distance to forest edge (i.e. distance of a pixel to the nearest
expansive non-forest area) and agricultural suitability index were almost uniformly
hard to match across the sample of VLFRs, as was 2010 carbon density. Importantly,
there was not consistent trend towards matched VLFR pixels having lower resource
pressure and indeed in cases were balance achieved was poor, often this would bias
towards higher resource pressure in the VLFR pixels.
5.5.5 Impacts of VLFR intervention – deforestation and degradation in matched data

Figure 5.5 a) Deforestation and b) degradation in seven village land forest reserves relative to
woodlands under similar resource pressure elsewhere in the Lindi Region, Tanzania. For matched
pixels in Ngea (blue symbol) VLFR for example, the rates of deforestation and degradation were 0%
and 2%, respectively. This is ~12.5% and ~18% points lower respectively than pixels with similar covariate characteristics outside Ngea VLFR (red symbol). Error bars represent 95% confidence intervals
generated by 100 sample bootstrapping procedure with ALOS gamma0/Above Ground Biomass linear
regression. Numbers on the right of each panel is an Effectiveness Score (1-(rate inside/rate outside)
x 100). 100% therefore amounts to complete reduction of deforestation/degradation in VLFR pixels, 0
amounts to no difference, negative values indicate higher rates within the VLFR.
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In all but one case (Nanjirinji A) the deforestation within VLFRs is lower than
outside. Ngea and Kitigoro VLFRs reduced deforestation substantially, -12.4 ± 0.3%
lower in the case of Ngea and -6.2 ± 0.2% lower in Kitogoro. Five out of the seven
VLFRs exhibited very close to 0% deforestation in matched treated pixels, reflected in
the very low (<1%) overall areal (i.e. rates in all pixels <10 tC ha-1 in the VLFR). Rates
of degradation are higher than those of deforestation in both treated and non-treated
pixels - five out of seven VLFRs having rates higher than 5%. Higher rates of
degradation were observed in the matched VLFR pixels in both Nanjirinji A and
Mchakama, and in the case of Nanjirinji A this difference was substantial (11.4 ± 0.1%
). For the VLFRs which exhibited reduced degradation, differences in treated pixels
relative to non-treated rates of degradation varied from -2.3 ± 0.1% to -18.4 ± 0.3%.
As with deforestation, Ngea VLFRs stood out for substantially reducing rates of
resource loss, from high values of degradation in matched non-VLFR pixels (relative
to the other VLFRs considered) to virtually no occurrence.

5.6 Discussion
5.6.1 Village Land Forest Reserves – deforestation and degradation
Six of seven VLFRs in this sample had lower deforestation rates and five of
seven had lower degradation rates than woodlands outside VLFRs under similar
resource pressure. Whilst previous studies based on remote sensing analysis have
indicated that VLFRs have lower deforestation rates (Lupala et al. 2015), this is the
first we know of that uses radar to also map degradation. This positive result concurs
with previous findings from field-based investigations in this region (Kalonga,
Midtgaard, and Eid 2015) and elsewhere in Tanzania (Treue et al. 2014; Mbwambo et
al. 2012) which also find that VLFR establishment can lead to reduced resource
degradation and have positive impacts on woodland and forest structure.
Results indicate that effectiveness in reducing deforestation was higher than
degradation during this period. Rates of deforestation in VLFRs were low (ranging from
0-3%, with four having essentially no deforestation) and with the exception of Nanjirinji
A, all were lower than woodlands under similar pressure elsewhere. This is in fitting
with the intention of establishment of VLFRs - sustainable profit from areas designated
by village government to remain forested in village land use plans (Ball 2014).
Therefore, although agriculture is the main driver of forest and woodland conversion
in Tanzania (Doggart et al. 2020) and a substantial proportion of agricultural
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production is from small scale farms, agriculture is unlikely to be a significant threat to
VLFR resources (the exception to this is the impacts of commercial agriculture on
Nanjirinji A, which is discussed in more detail in section 5.5.2). Nonetheless, the low
rates of deforestation (and lower rates than woodlands under similar pressure)
indicates that the designation and boundaries of VLFRs in this sample are on the
whole being respected.
Rates of degradation in VLFRs were generally higher than deforestation
(ranging from 0 – 28%, with three VLFRs having more than 5% of overall area
degraded). Whilst five of seven had lower rates than woodlands under similar pressure
elsewhere, the effectiveness scores were lower than (or equal to) deforestation across
the sample. This mixed result is also reflected in the changes in AGB density in forest
remaining forest pixels. The increasing density of AGB in forested pixels in all VLFRs
(ranging from 1.7-12.04 tC ha-1 over 8 years) is a positive result, though the external
rate of increase was 5.8 tC ha-1, higher than observed in all but two of the VLFRs
(Kitogoro and Mtawatawa). Whilst this appears a mixed result initially, when
considered in context of the intended purpose of the VLFRs it could also be interpreted
as a great success. The aim of VLFRs is sustainable profit from management and
utilisation of resources and as such extraction activities are an essential component
of VLFR management. This result is indicative of a well-balanced approach to activities
which restrict extraction (and indeed management activities which might promote
increase in AGB) against the undertaking of extraction activities.
It is interesting that, despite focussing on a sample of VLFRs in a relatively
small geographical area established in collaboration with the same NGO, there is
considerable variation in effectiveness. Detailed analysis of the causes of variation in
effectiveness is impossible with this current analysis (or any assessment based purely
on a remote sensing approach). Broadly these results can be seen as the result of a
balance of extracting activities against management activities that aim to improve
woodland structure (Kalonga, Midtgaard, and Eid 2015). Previous studies (in Tanzania
and elsewhere) have indicated that the factors that lead to success or otherwise in
CBFM are myriad and dependent on issues of governance (both at the village scale
and in terms of the extent of devolution of management at national scales) (Sitoe and
Guedes 2015), community engagement (Blomley et al. 2008) and distribution of
benefits (Gross-Camp 2017; Brockington 2007).
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Approaches to and outcomes of extraction and management activities are also
dependent on ecological and environmental characteristics of the VLFRs. The Forest
Act carries incentives including exemptions from local government taxes on forest
derived products and exemptions from reserved tree species list. Previous studies find
that these exemptions and incentives do not result in overharvesting (Blomley et al.
2008; Persha and Blomley 2009; Treue et al. 2014). Levels of extraction are however
contingent on ecological characteristics of the woodlands – different species have
different values and

exemptions under the Forest Act, which will likely strongly

influence extraction activities and approaches (Topp-Jørgensen et al. 2005). Another
potentially important factor is the role of fire as a determinant of woody structure in
these woodlands. The majority of VLFR area considered here is Miombo type
woodland and frequently affected by fire and wildfire (Ball 2014) and MCDI have
invested considerable effort in promoting early burning practices. Kalonga, Midtgaard,
and Eid (2015) indicated that reduced incidence of severe fire was beneficial to the
structure of the woodlands surveyed, with greatly increased numbers of saplings and
seedlings in FSC certified VLFRs relative to National Forest Reserves surveyed in the
same time, apparently due to much lower prevalence of burning in the VLFRs. The
relative importance of both of these aspects of management is potentially distinct from
previous studies in more montane regions and, importantly when interpreting the
results here, possibly variable amongst even this small sample of VLFRs.
There are therefore possibly more steps that could be taken to explore the
drivers of variable outcomes for the different VLFRs without detailed socioecological
study. A significant advance on this study would simply be an extension of the
timeframe. Previous studies have indicated that initial stages of management favour
the restoration and securing of the VLFR area, with extraction likely limited due to fear
of continued unsustainable resource loss and the time required to establish
mechanisms for accessing markets for extracted products (Akida 2008). Likewise, the
evolution of woodland structure in response to change in fire regime may take some
years to understand; whilst recruitment rates are have been observed increasing in
response to management (Kalonga, Midtgaard, and Eid 2015), competitive effects
seem likely to introduce a constraint on the response of woody biomass density over
time. Efforts to map change in fire regime over the course of 2010-present using
remotely sensed data and information about extraction activities recorded by MCDI
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might also be useful in interpreting the variation in outcomes across the sample.
However, a cautious interpretation of current observations is that the VLFRs in this
sample are in most cases achieving the desired goal of sustainable extraction from
VLFR areas.
5.6.2 Nanjirinji A
The only VLFR experiencing severe rates of LCC is Nanjirinji A. Analysis
indicates that in Nanjirinji A alone 1560 ha has been Deforested a further 14500 ha
degraded (of 58000 ha total extent).

Figure 5.6 Deforestation and degradation occurring between 2010 and 2018 around and within
Nanjirinji A Village Land Forest Reserve along the southern Border.

Consultation with members of Mpingo Conservation and Development Initiative
indicates expansion of Sesame cultivation northwards is the cause (Fig 5.5), and maps
clearly demonstrate this, with expansive loss along the southern boundary. In contrast,
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the North of Nanjirinji A has apparently experienced low rates of resource loss. The
situation at Nanjirinji A thus relates to two key elements of wider discussions about
protected area efficacy (both SPA and PFM). Firstly in the face of acute pressure from,
for example, energy demands from proximal large urban areas, it has been proposed
that no form of protection status (including PA) will prevent unsustainable resource
loss (Ahrends et al. 2010; Treue et al. 2014) and this is potentially most applicable in
the case of VLFRs. Although the village council may organise patrols and fine (and
arrest) offenders if deemed necessary, the risk of punitive repercussions is low. In this
case commercial agriculture appears to progress unabated by the establishment of
the VLFR, whilst there are signs that the adjacent National Forest Reserve is having
an impact along some of its boundary (Fig 5.6).
Secondly, issues about the importance of the size of VLFRs in determining
impacts on resource loss are not resolved. In this case the largest VLFR (Nanjirinji A)
has experienced the highest rates of deforestation and degradation. Although Bowker
et al. (2017) found that larger PAs have less deforestation than smaller parks across
Africa, it is plausible that having large overall area and long (and hard to define)
boundaries may lead to negative outcomes in PFM projects. In the case of VLFRs,
low capacity of the managing body to patrol borders and enforce protection is a
challenge, whilst difficulties in creating recognised boundaries are more difficult with
longer perimeters (and therefore more communities involved in establishing and
adhering to boundaries). Alternatively, as discussed by Treue et al. (2014), there is
also a fundamental minimum area which the services provided by the VLFR are
sufficient to sustain engagement. This is contingent on the size of the community and
the values of the services provided. VLFRs with a larger proportion of low value
species or heavily sanctioned species may therefore have different area requirements
or require different incentives to be successful (Topp-Jørgensen et al. 2005).
Quantitative assessment of the role of size would therefore require a large sample of
VLFRs to be able to account for variation in other factors related to community and
VLFR ecology.
5.6.3 Wider significance of study
Deforestation as assessed here (loss of 20% of stock and falling below 10 tC
ha-1) represents a significant change in forest and woodland condition. Regeneration
in these woodlands after cultivation can be rapid in terms of carbon stocks: McNicol,
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Ryan, and Williams (2015b) observed that post cultivation tree carbon stocks to
recover at a rate of 0.8 tC ha-1 y-1, with tree species diversity also recovering rapidly.
Characteristics of stands can however be significantly altered. In the same study it
was estimated that species composition would require 60-80 years to recover, whilst
other studies have shown that important stand attributes root biomass – important for
a trees resilience to disturbances - are significantly altered in recovering woodlands
(Chidumayo 2013). Therefore although aboveground carbon stocks may recover
quickly, recovery of the characteristics and stability of deforested areas is likely to take
considerably longer. In recent years the increased national incentive for adaption and
expansion of commercial agricultural ventures such as tobacco and sesame has led
to more widespread application of high intensity agricultural activities that can lead to
such shifts in woodland/forest composition and function (Jew, Dougill, Sallu,
O'Connell, et al. 2016). Monitoring of deforestation remains therefore critical to
national forest monitoring strategies and global C budgeting.
Defining degradation is more contentious, particularly in an ecoregion such as
the Miombo that has long been maintained by human activities (Lawton 1978). This is
especially the case with remote assessments. The capabilities of SAR advance our
ability to quantify degradation, with the robust relationship between backscatter
intensity and AGB allowing detection of change in structure that optical remote sensing
methods cannot observe reliably in these systems. However, SAR backscattering
processes are complex and determined by aspects of vegetation structure (such as
stocking density) that are often related to AGB density, but not linearly. As such the
degradation metric applied here (loss of 20% of AGB stock but remaining above 10tC
ha-1) is relatively conservative. In the scheme of non-commercial resource uses,
change of this nature is representative of the more substantial disturbances, with
previous work indicating that losses of this magnitude or above are generally a result
of medium to high-intensity loss events such as the practice of small-scale agriculture
(Ryan, Berry, and Joshi 2014a). Conditions of fuelwood scarcity are leading to
localised intensification of fuelwood collection (Scheid, Hafner, Hoffmann, Kaechele,
et al. 2018), whilst continued reliance on charcoal with growing populations is also
leading to intensification from losses to production (Ryan et al. 2016b). Collectively
these factors are likely leading to increasing severity of impacts from these activities
which will only be partially captured in studies such as this.
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Besides the limitations of remote sensing in detecting very subtle change, there
is also the difficulty of framing observed land cover change in terms of ecological
notions of ecosystem degradation. Areas subject to medium intensity disturbance can
retain tree species composition and recover soil and tree C stocks relatively quickly
after disturbance (Jew, Dougill, Sallu, O'Connell, et al. 2016). In terms of both service
provision and ecosystem function the areas identified here as degraded 2010-2018
may therefore be part of a sustainable longer-term process made possible through the
regenerative capacity of these woodlands. It is also possible that areas that have
experienced irrecoverable loss of specific species thanks to the exemptions from
restricted species lists are not captured (as the resulting change in AGB is relatively
small). Whilst key Miombo species often repopulate even heavily utilised or cleared
areas, selective extraction of some can lead to them becoming commercially extinct
in the short to mid-term, placing increased pressure on local populations (Jew, Dougill,
Sallu, O'Connell, et al. 2016). In both cases, the response is dependent on woodland
characteristics such as species composition and historical patterns of disturbance
(Chidumayo 2013). These ecological and historical characteristics and changes
cannot be determined from a remotely sensing. There is thus need for continued field
assessment of VLFR condition (Kalonga, Midtgaard, and Eid 2015) and field based
monitoring of degradation in Tanzania more broadly (as in Ahrends et al. (2021)). The
need to understand extent and rate of recovery of these ecosystems following
degradation also stresses the need for continued observation (as opposed to
abandonment) of forest plots that have been affected by, for example, shifting
cultivation (McNicol, Ryan, and Williams 2015a). Whilst there is currently an emphasis
on using SAR for remote observation degradation of woodlands and forests, care is
needed to acknowledge the limitations of the methods and incorporate and incorporate
as much possible data from field based assessments for robust analysis.
Regardless of the difficulties in defining and detecting degradation remotely,
the nature of resource use in this region requires that attempts are made to quantify it
in assessments of VLFR effectiveness for two key reasons. Firstly, an assessment of
VLFR efficacy must be relevant to the intended purpose of establishment. The purpose
of VLFRs is the sustainable extraction of resources (according to concessions made
regarding restricted species and quantities in the Forest Act 2002) from areas
designated to remain forested under Village Land Use Plans (Ball 2014). Therefore in
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the vast majority of projects, degradation is more indicative of the success of the
VLFRs in achieving this goal. Secondly, between 2010 and 2018 degradation occurred
diffusely throughout almost the whole study area and is the dominant mode of
resource loss in this region (McNicol, Ryan, and Mitchard 2018). It can also reasonably
be expected for this process of loss to be intensified. Forecasts of human population
growth along with continuing dependence on wood fuel in rural areas will result in
substantial increases in the pressure exerted on woodlands and forest resources of
this region over the course of the century, with practices already adapting to account
for this (Scheid, Hafner, Hoffmann, Kächele, et al. 2018; Scheid et al. 2019). Studies
observing only deforesting activities are likely to miss the changes wrought by
increased intensity of fuelwood collection, whilst over-utilisation of VLFR resources for
this purpose would also likely be overlooked, at least for a time.
Finally, whilst the focus of this work has been on impacts of VLFR
establishment on LCC rates, there is much to be learnt about the impact of
management activities on structure in areas that remain intact over the period of
assessment. The growing temporal availability from ALOS-1 (2007-2011) and ALOS2 (2016-) data is a great asset in studying the change in woodland and forest structure
in response to conservation interventions. As demonstrated by (McNicol, Ryan, and
Mitchard 2018) (and to an extent here), the potential of these techniques lies as much
in their ability to recognise the dynamic nature of C stocks in this ecoregion and the
potential C gains realised by CBFM projects, as opposed to simply uncovering hitherto
poorly quantified avenues of loss.

5.7 Conclusion
This study is the first that assesses the efficacy of VLFRs in reducing both
deforestation and degradation in this region and also the first to attempt to control for
dissimilarities between VLFR and non-VLFR lands. It is found that VLFRs established
between 2010 and 2014 have a generally positive impact, in most cases having lower
rates of deforestation and degradation relative to areas experiencing similar pressure
in entirely unprotected lands. It is also found that 1) effectiveness is variable between
VLFRs, particularly with regard to degradation and 2) there are circumstances that
VLFR designation may have no positive impacts, owing to the nature of the resource
pressure and, speculatively, size of the VLFR.
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A great deal of further investigation is required to assess both the
characteristics of VLFRs land areas (ecology size and therefore yield) and the
management activities (extraction level and monitoring) that lead to realisation of
sustainable management. Nonetheless, this work suggests that with continued efforts
to establish effective management structures and reduce barriers to establishment of
VLFRs and with the assistance of NGOs such as MCDI in establishing and monitoring
performance of VLFRs it is possible that CBFM approaches will realise resource
conservation goals as well as the real and perceived social and cultural benefits that
have previously been reported.

5.8 Methods reflection
5.8.1 Mapping deforestation and degradation with SAR
The use of the Synthetic Aperture Radar to assess both deforestation and
degradation is a significant improvement in assessment of the efficacy of CBFM
approaches in this region owing to both the nature of resource use and the intended
purpose of VLFRs. L-Band SAR has proven capabilities in this region and the Global
25 m Resolution PALSAR-2/PALSAR Mosaic used in this analysis has the advantage
of being freely available globally and largely insensitive to atmospheric obstructions
such as smoke, which are restrictive for multispectral analysis. A major challenge with
the use of SAR, both from individual images and the Global 25 m Resolution PALSAR2/PALSAR Mosaic, is accounting for the impacts of soil moisture. Owing to the
relatively limited spatial extent of this analysis the problems that can arise from
seasonal variation across and along tracks could be accounted for with a relatively
simple sub setting approach based on time of capture. For more expansive areas this
approach in combination with histogram matching between adjacent strips can be
used (Rodríguez-Veiga et al. 2019), though this can become extremely challenging
when the study area begins to encapsulate regions of distinct climatology. The
bootstrapping approach used to determine the relationship between SAR backscatter
and plot Above Ground Biomass (AGB) is simple and yielded strong relationships for
both ALOS1 and ALOS2 instruments. This method does however rely on field data
that has suitable plot design/sampling design (appropriately sized plots spanning a
range of AGB densities) and spans both ALOS 1 and ALOS 2 epochs owing to the
different instrument properties (Rodríguez-Veiga et al. 2020). Plot data of this nature
is not easy to obtain. Partly for this reason, but also to better map the nature and extent
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of “degradation” in more detail, a great deal of investment in building field observation
of resource use and recovery on the ground is required (Ahrends et al. 2021).
5.8.2 Sampling design and matching approach
Displacement of localised resource use activities is very hard to account for in
a simple manner for multiple VLFRs. Here, as in previous studies, the use of buffering
of both PAs and VLFRs is used to account for displacement of resource use. In the
case of VLFRs a blanket (1 km) buffer is applied, regardless of the size of the VLFR
and independent of the size of the populations of communities attached to the VLFRs.
In reality, the spatial extent of gathering is changing over time owing to resources
shortages (Scheid, Hafner, Hoffmann, Kächele, et al. 2018), whilst variation in
population sizes of villages across the VLFRs and the areas of the VLFRs themselves
will also play a large role in determining the spatial extent of any displacement. A more
detailed analysis would require village level details on village government planning
(Village Land Use Plans) that are not available in this case and likely too complex to
analyse at this regional scale.
In any matching approach, careful consideration is needed in selection of the
confounding co-variates. Care was given to account for co-variates widely accepted
in previous literature as important whilst also using regional knowledge of the resource
use to adjust to make most appropriate for this particular analysis. In this region,
information on many of these co-variates is however scarce, and the temporal
availability relative to the establishment of the VLFRs required compromise,
particularly with regard to temporal currency of human population datasets. In addition,
with CEM the manual selection of coarsening intervals is a challenging and critical
element of the matching process. The rationale for these decisions is presented but
ultimately a degree of subjectivity will always exist in this approach.
In terms of the quality of matching, the approach was broadly effective in
reducing the dissimilarities in the treated and untreated areas in the selected
covariates, ultimately leading to higher confidence in the assessment of impacts of
intervention. There were however cases in which the CEM did not improve the balance
for individual co-variates in individual VLFRs, or at least not to the extent that is desired
(see appendix Table A 5-1 for a list of values). This is not uncommon in matching
exercises and in these cases judgements were made about the importance of these
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imbalances (in some cases the resource pressure in the matched VLFRs was higher
than external matched pixels), but this is an area for improvement. Owing to these
factors, a further development of this work would therefore likely include consideration
of each VLFR as a completely unique matching exercise, with appropriate adjustment
of the matching process to account for factors such as community size. Additional
steps could be added to the matching, including steps to assess the effects of
unobservable co-variates via, for example, sensitivity testing as used by (Rasolofoson
et al. 2015) and application of other matching approaches to the initial match set
(Iacus, King, and Porro 2012).
For assessing the broader effectiveness of VLFRs in this region the current
approach is deemed reasonable, and certainly an advance on our current
understanding of VLFR impacts in this region and Tanzania more broadly.
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5.10 Appendix
I. Coarsened Exact Matching – Pre and post-matching balance
Table A 5-1 Coarsened Exact Matching - pre and post matching covariate balance for all covariates in
the individual VLFRs. Figures in bold in the final column highlight covariates for which balance achieved
was poor (targeted Standardised Mean difference is 0.1-0.2).

VLFR
Kitogoro

Covariate
Travel.Time (mins)

Means.
Treated

Matched
.
Means.
Treated

Matched
.
Means.
Control

Matched.
Std.Mean
.
Diff

0.16

413.77

419.44

-0.14

8659.61

435.56
10577.0
3

-0.57

6307.04

7686.12

-0.41

154.29

1789.32

-4.04

268.22

341.44

-0.18

Distance.to.Road (m)

9806.43

7601.28

0.58

7564.97

6991.56

0.15

Distance.to.Converted (m)
Converted.Pixels.Within.5k
m

5884.61

4104.56

0.55

3791.63

3712.52

0.02

7.00

42.20

-3.54

10.82

11.27

-0.05

Distance.to.Forest.Edge (m)

3514.58

6592.91

-1.43

5277.40

6054.40

-0.36

27.06

25.32

0.19

29.69

29.90

-0.02

7137.25

6618.16

1.33
Std.Mean.
Differenc
e

7348.09
Matched
.
Means.
Treated

7426.82
Matched
.
Means.
Control

-0.20
Matched.
Std.Mean
.
Diff

Distance.to.Settlement (m)
Population.Within.5km

2010.AGB (tC/ha)
Maize.Suitability.Index

441.81

Means.
Control

Std.Mean.
Differenc
e

Liwiti

Covariate
Travel.Time (mins)
Distance.to.Settlement (m)
Population.Within.5km

Means.
Treated
486.19

Means.
Control

3.15

487.98

502.60

-0.91

6270.18

435.56
10577.0
3

-2.28

6623.79

7503.28

-0.47

56.37

1789.32

-19.13

37.07

53.75

-0.18

Distance.to.Road (m)

8284.07

7601.28

0.20

8187.05

8646.17

-0.14

Distance.to.Converted (m)
Converted.Pixels.Within.5k
m

4840.28

4104.56

0.35

4948.43

5002.87

-0.03

3.60

42.20

-7.92

3.49

3.67

-0.04

Distance.to.Forest.Edge (m)

4014.24

6592.91

-1.10

4097.04

4528.10

-0.18

34.55

25.32

0.81

34.28

25.79

0.75

7740.05

6618.16

12.91
Std.Mean.
Differenc
e

7733.75
Matched
.
Means.
Treated

8266.42
Matched
.
Means.
Control

-6.13
Matched.
Std.Mean
.
Diff

2010.AGB (tC/ha)
Maize.Suitability.Index
Mchakama
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6.1 Thesis summary
The broad objective of this thesis was to improve our understanding of the
factors that are contributing to change in woody structure in the Miombo woodlands of
Mozambique and Tanzania. In four chapters I conducted investigations of:
i.

Tree growth in Miombo woodlands in Tanzania and Mozambique

ii.

The impacts of a Tropical Cyclone on tree populations in Gorongosa
National Park, Mozambique.

iii.

The impacts of Community-Based Forest Management on land cover
change rates in Lindi region, Tanzania.

I aimed to address the following research questions:
1. What are tree growth rates in mixed use Miombo woodlands and what are the
constraints on tree growth?
2. How do Tropical Cyclones impact the structure of Miombo woodlands and can
field observations of structural damage be up scaled with unmanned aerial
vehicle and radar data?
3. Is community-based forest management effective in reducing rates of
deforestation and degradation?
In this chapter I will discuss the contributions of this thesis to our understanding
of these three areas of research and the further work suggested by these findings. I
also add an additional brief discussion of the observational data that is currently
lacking and thus limiting understanding of the Miombo and its responses to
disturbance, management processes and global change.

6.2 Tree growth
Tree growth rates are a critical demographic rate for which estimates are
lacking in the Miombo ecoregion, and the constraints on growth are poorly understood
(Swemmer and Ward 2019). The growth modelling in Chapter 2 contributes an
additional estimate of average growth rates (1.81 ± 0.17 mm yr-1). This estimate has
the advantage of being derived from significantly larger sample than previous studies,
with a plot network situated across the eastern Miombo ecoregion and subject to a
range of land use types and disturbance intensities. Additionally, two further findings
from growth modelling stand out in terms of importance as determinants of changing
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structure and condition of the Miombo in the coming century: i) Tree-tree competition
is a constraint on tree growth increment and ii) nutrient symbioses in trees are
associated with higher tree growth increment.
6.2.1 Tree-tree competition as a constraint on growth
The observation of a strong effect of tree-tree competition on growth rate across
a range of land uses contributes to our understanding of the fundamental constraints
on woody structure in these woodlands. Stems experiencing competition level in the
top 5% of values grew slower by on average 1.24 ± 0.08 mm yr-1 than those in the
bottom 5%. When extrapolated from stem to plot-level, this competitive effect is
realised in substantial reductions in plot level carbon increments. This adds to a
growing body of theoretical (Calabrese et al. 2010) and observational (Dohn et al.
2017; Smith and Goodman 1986; Sea and Hanan 2012) work that suggests
competition between woody plants is a significant effect on maximum woody cover in
savanna and woodlands ecosystems. The use of a size and distance-dependent
measure of competition for individual stem growth further allowed an investigation into
the spatial extent of competitive interactions between trees. Results indicate that in
these woodlands trees are competing over greater distances (up to 20m) than
previously thought, indicating that Miombo trees are indeed aggressive competitors
over large distances, as theorised by (Timberlake 1993).
There are other aspects of competitive interactions between trees that need to
be explored to fully understand the constraint posed by tree-tree competition in these
woodlands. Theoretical studies have postulated that tree-tree competition effects are
realised to a large degree by self-thinning in tree communities (Calabrese et al. 2010;
Sea and Hanan 2012) and some empirical studies have supported this in savannas
with low disturbance intensity (Sea and Hanan 2012), though the applicability of this
mechanism to disturbed savannas and woodlands such as here is not well
established. Self–thinning is not accounted for in this thesis. It might be expected that
resource limited self-thinning of trees would occur through increased mortality rates in
the plots with high competition levels. To provide a simple assessment of this I
compared median stem Hegyi competition (in the most recent survey using 10 m
neighbourhood) at the plot-level and plot basal area to plot mortality rates (2010 and
2017) generated by Ebuka Nwobi (University of Edinburgh). Considering all plots,
there does not appear to be a clear relationship between mortality rates and
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competition intensity (either basal area or Median stem level competition for the plot)
(Fig 6.1). Interestingly in savanna plots (with one very clear outlier) there does seem
to be an increase in mortality with increasing basal area though with only 6 points in
this class it is hard to interpret this.

Figure 6.1 Comparison of plot basal area and plot median stem Hegyi competition index in the most
recent survey (2017/2018) with plot mortality between 2010 and 2017/2018 for 24 permanent sample
plots in Mozambique and Tanzania. Symbol represents classification of plot – triangle = savanna,
square = woodland, circle = forest.

Whilst self-thinning has been observed in fire protected savannas, lack of
evidence for this process in disturbed woodlands (in spite of growth limitation) is not
surprising. Firstly, 20% of all stems were wounded during at least one observation and
interactions of fire with stem wounds is an important cause of mortality in these
woodlands (Yeaton 1988; Ryan and Williams 2011). Therefore any relationship
between stem density and mortality in these plots is likely confounded by the effects
of direct and indirect impacts of humans. Secondly, in highly disturbed environments
individuals benefiting from facultative effects of clustering (localised shading,
sheltering from disturbance and increased soil moisture) are more likely to survive
than those with little neighbourhood resource competition but greater exposure to the
effects of fire and easier access for herbivores (Dohn et al. 2017). These results,
although only a preliminary investigation, further support the assertion that a
substantial part of the constraint posed by tree-tree competition in Miombo woodlands
is realised in growth rates, as has recently been observed in tropical forests
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(Rozendaal et al. 2020), woodlands (Dohn et al. 2017) and open savannas (Nieto
Quintano 2019).
It is also important to assess how competitive effects are realised in growth
rates in different species and across different stem size classes. Previous work has
found that whilst some species are dramatically affected by competition, others show
little or no reduction in growth (Dohn et al. 2017; Holdo 2009). The reasons for this are
not always clear. Holdo (2009) found that tree-tree competition only constrained
growth in the single fastest growing species (B.spiciformis) in Kalahari sand
woodlands. The rooting strategies of dominant canopy species (Brachystegia spp.,
Julbernardia spp.) hypothetically make them extremely aggressive competitors,
possibly over large spatial neighbourhoods in the case of adult trees (Timberlake
1993; Högberg 2009). Whilst the work on competitive neighbourhoods suggest this
might be the case, it would be worth investigating if and how tree-tree competition
effects vary across different size classes, and if the neighbourhood extent of
competition effect varies for large individuals.
Working on larger trees and considering intraspecific competition is a
challenge. With 1 ha plots, significant areas of plot are removed with every increase
in the competitive neighbourhood extent as stems within that distance of the plot edge
need to be trimmed to avoid edge effects (removing a 10 m strip from the edge of a
100x100 m plot reduces the area by 36%). To address fundamental questions about
the competitive interaction between large trees, it might be more informative to
consider a smaller number of large plots even at the cost of losing a gradient of
disturbance types. A good example of this is the recent work done by Muledi et al.
(2020) on large 10 ha PSPs in the Democratic Republic of Congo. Whilst that analysis
is considerably more detailed (including a suite of species traits) and tree-tree
competition is accounted for (with basal area density of subdivided plots), it is not on
the stem level as it is here. It would be very interesting to apply this model of
competition to those data with a particular interest in the larger tree size classes.
6.2.2 – Nutrient symbioses
The role of N-fixing and ectomycorrhizal (ECM) associations in tree success
has been widely discussed (Högberg and Nylund 1981; Högberg 2009) but
observations of the impact on tree growth rates are lacking. Here I find N-fixing species
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grow faster, on average by 0.60 ± 0.17 mm yr-1 and ECM species by 2.1 ± 0.37 mm
yr-1. No effect was observed in arbuscular mycorrhizal (AM) species. The strong
influence of these symbioses on tree growth found in this work has relevance to
regional (and global) biogeochemical cycling and local and regional management of
woodland resources.
The role of nutrient symbioses and particularly mycorrhizal symbioses in
biogeochemical cycling is poorly understood from the scale of the individual
mycorrhizal network (see Sheldrake (2020)) to regional and global scales (Steidinger
et al. 2019; Terrer et al. 2016). This lack of understanding is particularly important in
light of changing global climates and increasing atmospheric carbon dioxide
concentrations (eCO2). N-fixation has been discussed as a potential advantage under
future climate conditions owing to its enhancement of water use efficiency and
potential to reduce nutrient limitation under eCO2 (Rogers, Ainsworth, and Leakey
2009; Temperton et al. 2003). Biomass in ECM plant species has been shown to
increase rapidly in response to eCO2 in enrichment experiments, but these
investigations have been primarily based in northern latitudes were N is more limiting
than P (Terrer et al. 2016) (see Figure 6.1). How the Miombo woodlands respond to
eCO2 – being unique amongst tropical environments in having a high prevalence of
ECM and also being P limited (Högberg 2009) – is uncertain. In all cases, accounting
for the effects of symbioses on tree growth rates is critical to accurate modelling of
vegetation responses to eCO2 and the resulting changes in biogeochemical cycles at
the global scale (Terrer et al. 2016).
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Figure 6.2 Approximate locations of studies investigating the effects of elevated CO 2 and fire on
ectomycorrhizal plants.Red circles denote studies that investigated effect of elevated CO 2
concentrations on biomass in ECM plants (Terrer et al. 2016), and blue circles studies that investigated
the effects of fire (Taudiere et al. 2017).

Consideration of the role of ECM symbioses could also be of great importance
to woodland management and silviculture. Several ECM species observed widely in
this thesis (including B.spiciformis and J.globiflora) are economically critical to this
region (Ba et al. 2012). The response of mycorrhizal fungi to external disturbance is
poorly understood, and in the Miombo this is particularly relevant to the management
of fire. The role of fire in structuring AM and ECM communities has been discussed in
temperate and boreal woodlands and forests where reduced soil fungal biomass and
reduced root colonisation have been documented in response to changing fire regime
(see Taudière, Richard, and Carcaillet (2017) for a review of fire effects on ECM fungal
communities). However, as with studies on the response to eCO 2 discussed
previously, a review of studies of fire impacts on ECM community composition by
Taudière, Richard, and Carcaillet (2017) again highlights a conspicuous absence of
studies of the effects of fire management on ECM in the Miombo (Figure 6.2)
Much work has observed the response of woodland structure and species
composition to repeated fire (Furley et al. 2008) and clearance with associated fire
(Chidumayo 1988; Chidumayo 2013; Syampungani, Geldenhuys, and Chirwa 2016;
Goncalves et al. 2017). Soil is a poor conductor of heat, though injury to underground
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organs and mortality of rootstock can occur on the occasion of severe fires (Ryan and
Williams 2011) and by association it is highly likely that ECM communities are also
affected by these events. Meanwhile alteration of surface soil organic matter and
nutrients by frequent and severe fire may alter nutrient economies in ways that may
either exacerbate or diminish the role of ECM through for example depletion of N and
P (Pellegrini 2015). In this regard there are reasons to believe that ECM species
should fare well relative to non-ECM species in frequently burned conditions. Pellegrini
et al. (2021) observed increasing basal area of ECM species (with low N and P in
leaves and litter) with increasing fire frequency, hypothesising that this is due to the
advantage of conservative nutrient strategies in systems experiencing nutrient loss
due to frequent fire. However, the poor representation of African ecosystems in this
study – noted by the authors - again make it difficult to form hypothesis about how
Miombo woodlands might respond to change in fire regime. Reviewing fire
management strategies in southern Africa, Nieman, van Wilgen, and Leslie (2021)
discuss the potential use of fire for specific ecological goals such reducing tree
mortality. For the Miombo it may be that one of these goals should be the management
of ECM communities, but to achieve this observations of fire impacts on ECM
communities/symbioses are much needed.
Whilst the result is important, there are limitations in the methodology for
attribution of symbiotic tendencies to stems here. The method used to attribute Nfixing, AM and ECM associations is based on compilation of the best available
literature about tree species tendencies for symbioses (which in the case of ECM was
not abundant). Whilst this has been used in other work (Muledi et al. (2020) for
example used a similar approach), it only considers trees species. In reality the
composition of both tree and fungi communities play an important role and recent
research suggests that both AM and ECM communities in Miombo woodlands are
diverse (Rodríguez-Echeverría et al. 2017; Bauman et al. 2016). Host tree functional
traits (Bauman et al. 2016) also influence the rate of root colonisation by ECM fungi
and this is confounding for this analysis – it is possible that host tree functional traits
that are responsible for high growth rates in these species, and ECM association is a
by-product of a profitable relationship for both parties in high growth tree species
(Muledi et al. 2020; Bauman et al. 2016). Nonetheless, whatever the source of the
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growth advantage in these tree species, ECM association appears to be necessary to
support it.

6.3 Tropical cyclone damage
6.3.1 Impacts of tropical cyclones
The field observations collected to assess the impacts of Cyclone Idai shed new
light on the damage to woodland resources that can result from Tropical Cyclone (TC)
events in this region. Observations of cyclone damage to woodlands and forests are
remarkably lacking in mainland southern Africa - even in commonly-impacted
Madagascar there are relatively few studies of the long term impacts of such events
on woodland and forest structure from field inventory (Lewis and Bannar-Martin 2012).
Long-term monitoring of experiments to observe the immediate and ongoing impacts
of TC events are however essential. Projections of frequency of TC events in the South
West Indian Ocean over the next 50 years produce mixed results. Whilst some studies
project a decrease in frequency of cyclogenesis in this region under future climate
scenarios (Cattiaux et al. 2020), there are projected increases in maximum intensity
and, importantly for this region, latitudinal shift of tracks southwards (Cattiaux et al.
2020; Fitchett 2018; Kossin, Emanuel, and Vecchi 2014). Projections by Fitchett
(2018) project a 0.68º / decade southwards migration of the 26.5º isotherm required
for cyclogenesis. Working from this estimate, we can suppose from Figure 6.3 that
the whole of grid A (5º x 5º graticule) would potentially be exposed to the impacts of
TC damage within the coming century. This encapsulates 235000 km 2 of Miombo
ecoregion, mainly Zambezian and Mopane woodlands and Southern Miombo
woodlands (White 1983).
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Figure 6.3 Tropical Cyclone tracks between 2000 and 2020 and areas potentially newly exposed to
Tropical Cyclones by 2100. Segment A: area potentially newly exposed to the impacts of Tropical
Cyclone Damage in this century with 0.68/decade migration of the 26.5 isotherm (rate based on
projections by Fitchett (2018).

Whilst many of these ecosystems are subject to frequent and often severe
disturbance from fire and megaherbivory, neither of these processes have the
potential to cause the immediate and widespread damage to large trees observed in
this study as a result of Cyclone Idai. Across the eight PSPs 8.5% of basal area was
felled by Cyclone Idai. The long-term impacts of the substantial damage recorded for
woodland structure and C budgets are extremely uncertain, though what is inevitable
is a loss in woody biomass from the landscape that is likely to persist for many years.
Whilst felled trees mostly survived through the occurrence of fire in the 2019 dry
season, a large proportion of those felled will succumb to fire in the subsequent
seasons due to increased exposure to heating and vulnerability caused by damage
during felling.
Growth rates are likely to increase in surviving trees of smaller size classes
(Tanner et al. 2014) but the loss of C from large trees would take many years to
recover. One way of exploring this with the existing observation data would be to apply
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the growth model developed in Chapter 2 (and used in Chapter 2 to predict the effects
of competition on plot level C increment) to predict C increments for alternative
scenarios with and without the impacts of tree felling (reduced competition) and tree
wounding. The size of the wounding effect in this model was primarily driven by minor
wounds to the stem so it is likely that the predictions would underestimate the impact
of the substantial damage caused to (mostly) larger trees in this case, but it would
nonetheless be interesting to explore.
The changes that might occur in fire regime are even more difficult to predict
and would not be accounted for in any such growth model experiment. Much has been
written about the role of fire as a control on demographic rates in these woodlands
(Staver et al. 2012; Devine et al. 2015). The removal of large trees and the increase
in combustible biomass (both in felled trees and possibly increased grass productivity
with reduced shading) is likely to have impacts on fire regime in the subsequent years.
Theoretically, dramatic disturbances that lead to substantial loss of woody biomass
can have a destabilising effect, with initial damage reinforced by subsequent positive
feedbacks in fire which negatively effects recruitment rates in tree populations
(Touboul, Staver, and Levin 2018). Over time the resulting increase in fire frequency
could lead to reduced stem numbers and basal area (Pellegrini et al. 2021). However,
owing to potential dramatic increases in growth rates in smaller trees due to removal
of large competitors (Cook and Goyens 2008), the demographic bottleneck imposed
by fire may be less narrow in the period following TC events. At the local scale fire
management practices in the seasons immediately following a TC may prove to be
critical to mitigating the impacts of damage on long term ecosystem stability. Early
burning in subsequent seasons to reduce tree mortality (Nieman, van Wilgen, and
Leslie 2021) and, if practical, management of mixed feeder herbivores (Rouet-Leduc
et al.) are likely the most effective means of preventing extensive and potentially
severe fires which may lead to further fragmentation of wooded areas that may affect
the spread of fire in landscapes in the longer term (Archibald, Staver, and Levin 2012).
Ultimately, how these changes will be realised at the regional scale is highly
dependent on future changes in the frequency and location of TC activity. Recent work
synthesising plot data from across the tropics indicates that these events shape the
structure of forests at a pantropical scale and that the effects of frequent TC
disturbance are consistent across tropical dry and moist forests – reduced canopy
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height and increased stem density (Ibanez et al. 2019). How TC events impact the
structure and C cycles of the frequently disturbed savannas and woodlands of
southern Africa is however uncertain. Even vigorous response in growth in surviving
trees is likely to be offset to a largely unknown extent by the effects of fire and
herbivory. Previous work in Australian savannas for example indicates that the effects
of frequent fire and termites on landscape C cycling dramatically exceed those of even
very extreme cyclonic events (Hutley et al. 2013).
The key to addressing all of these questions is repeat observations of the plots
(Tanner et al. 2014) with repeat remotely sensed observations (particularly using
radar) of structural change and fire regime across the surveyed area. The permanent
sample plots, drone observations and initial radar analysis of damage therefore form
the starting point for continual surveying of ecological responses to this event which
will hopefully contribute to a long-term approach for the management of cyclone
damaged forests and woodlands.

6.4 Management impacts against a background of increasing woody biomass
6.4.1 Increase in woody biomass
Recent work indicates that the extensive regrowth in the Miombo ecoregion
more than offsets the losses to deforestation and degradation (McNicol, Ryan, and
Mitchard 2018). This work contributes to the wider body of research observing and
discussing increase in woody biomass in southern African savannas and woodlands
(Pelletier et al. 2018). Mapping trends in woody above ground biomass in Chapter 5
provides an additional line of evidence supporting the assertion that there is a trend of
increasing density of woody biomass in the woodlands and forests of this region
(Pelletier et al. 2018). For pixels in unprotected lands (i.e. not in Village Land Forest
Reserves, National Forest Reserves or National Parks) above our woodland threshold
of 10tC ha-1 in 2010 and remaining so in 2018, the mean pixel change was +5.8 tC ha
(+0.7 tC ha-1 yr-1).
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Figure 6.4 Proportional change in pixels with a positive trend in aboveground carbon (tC ha-1) from
2007-2010 in Kilwa District, Tanzania. This analysis was a precursor to the work performed in Chapter
5, originally done as part of a collaboration with the New Partnerships for Sustainable Development
(NEPSUS) project.

However, rates of woodland and forest conversion in countries of this region
are still extremely high and mapping of deforestation and degradation in Chapter 5
demonstrates this for Lindi region. As noted by (Ahrends et al. 2021), there is also
further evidence that in the face of some land use pressures, no form of conservation
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intervention can halt deforestation and degradation, which are observed well within
the boundaries of National Forest Reserves and National Parks. As accessible
resources close to population centres are diminished it is likely that increased pressure
will lead to further resource degradation within these areas (Eklund et al. 2016).
6.4.2 Community-based forest management
Community-Based Forest Management (CBFM) is increasingly prevalent
paradigm in southern Africa and many nations of the global tropics. In the Forest Act
of 2002 Tanzania introduced a framework to support the success of CBFM and the
recently released National Forest Policy Implementation Strategy for 2021-2031
contains extremely ambitious plans for the expansion of Village Land Forest Reserve
(VLFR) network – from the 2.7 million ha at present to 16 million ha by 2031. Whilst
VLFRs must on the one hand provide sustainable profits from timber resources, this
must also not be at the cost of the decline in resource condition that is observed widely
across the region. It is therefore critical to assess the efficacy of VLFRs in reducing
resource losses that result from the most pervasive types of resource use, which
widely result in degradation in addition to the less extensive deforestation.
The finding that land cover change rates are lower in VLFRs in this sample than
in unprotected areas is unquestionably a positive one though not necessarily
surprising - the aim of VLFR establishment is profitable and sustainable resource
extraction from areas designated to remain forested (Ball 2014). The analysis of
degradation rates and trends in woody biomass density are more appropriate means
of assessing these projects and paint a more complex picture, albeit still a generally
positive one. Whilst degradation rates were again lower in the majority of VLFRs (five
of seven) the extent of the difference was much more variable and degradation
occurred over more than 5% of overall wooded areas in two VLFRs (28% in the case
of Nanjirinji A). Trends in biomass density (change in tC ha -1 in forested areas from
2010-2018) also varied substantially across the VLFR sample, to the degree that whilst
three VLFRs were above the trend in similar non-protected areas (+0.7 tC ha-1 yr-1),
four were below it. These changes in resource condition of areas wooded throughout
the assessment period are critical indicators of the efficacy of VLFRs in promoting
sustainable resource use, made possible by the use of radar.
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There are methodological refinements that could be made, particularly with the
matching approach as discussed in the chapter reflections. Arguably the biggest
challenge to drawing conclusions from the results is that the overall timeframe of the
analysis is short, ranging from 4-8 years. Management approaches and community
involvement evolve over time. The level of community enforcement for example is an
important determinant of success but can decline over time with implications for levels
of illegal extractions (Chhatre and Agrawal 2008; Persha and Blomley 2009; Ashwini
and Arun 2008). The simplest approach to developing this work is continued
observation of trends in woody structure, which will be invaluable to Mpingo
Conservation and Development Initiative and their ongoing work in this region.
In the broader study of the impacts of CBFM in Tanzania and elsewhere in
southern Africa, much work is needed to pick apart the different VLFR and village
characteristics that lead to success (or otherwise) in sustainable resource use. For
example, a simple ratio of the area of VLFR to the population of the community would
be an indicator of VLFR resource pressure. There is a trade off with enforceability of
harvesting restrictions – a VLFR with low resource pressure (large VLFR and low
village population) would have comparatively limited resources to monitor boundaries
and internal VLFRs activities. However to pick apart the geographical, ecological and
social conditions that contribute to VLFR performance requires a large N dataset
(Nagendra 2007) and data availability is a challenge here. There is work underway to
collate information regarding the locations of VLFRs for inclusion in the World
Database on Protected Areas (WDPA) and during the course of this project I
collaborated with the World Conservation Monitoring Centre (WCMC) to assist in the
collation of these data.
Finally, land cover change rates in VLFRs are only one measure of success
and arguably the simplest by some margin. The efficacy of VLFRs in leading to
sustainable resource use in the long-term will ultimately be determined by governance
and equitability in distribution of benefits (Lund and Treue 2008). Investigations into
these aspects of VLFR function has however led to mixed results (Lund and Treue
2008; Gross-Camp 2017; Brockington 2007), and this is undoubtedly more complex
to understand. The extraordinary plans for expansion of the VLFR network in the
coming decade however make the collation of this data for a broad cross section of
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VLFRs and communities critical for forest resource management in Tanzania in the
coming decades.

6.5 Observation
6.5.1 Mapping change in woodland structure and condition
Despite much progress in recent years, mapping change in woodland structure
in southern Africa is still challenging. The increasing availability of radar data will be
invaluable in detecting the more subtle patterns of land cover change in southern
Africa. Availability of data from longer running missions such as the ALOS-1 and
ALOS-2 satellites has been relatively poorly utilised thus far in this region - at the time
of writing this is the first attempt in southern Africa using re-measured permanent
sample plots to independently validate ALOS-1 and ALOS-2 radar data to determine
change in woody aboveground biomass between the two satellite epochs. Without the
unique capabilities of radar the results of analyses of LCC in the VLFRs would have
been deceptively simple and, in this case, not terribly useful to the discourse around
CBFM or to organisations and communities involved in the establishment and
management of VLFRs. Whilst L-Band radar from the Advanced Land Observation
Satellites is arguably the most valuable resource for southern Africa (Naidoo et al.
2016), leveraging of different wavelengths including P-Band and S-Band in
forthcoming missions (Le Toan et al. 2011; Ningthoujam et al. 2017) promises to
expand the applicability of radar methods into denser forest.
As demonstrated by Chapter 4 however and discussed widely in literature,
there is still a great deal to learn about the capabilities of radar in detecting change in
the structure of these woodlands (Woodhouse et al. 2012; Joshi et al. 2017). Relatively
simple field data collected over expansive areas can be used effectively to assess the
performance of radar in detecting the kinds of resource use that are prevalent in this
region, as recently demonstrated by Ahrends et al. (2021). In terms of understanding
the fundamental processes that determine the interaction of radar systems with
woodlands and forests, deployment of technology that characterises woodland
structure at very high resolutions may be required. Terrestrial Light Detection and
Ranging (LiDAR) can determine highly detailed models of woody biomass volume and
woodland and forest canopy structure. Meanwhile detailed maps of forest structure
and particularly height can be detected over larger areas with airborne and satellite
borne LiDAR. These systems are capable of detecting variation in structure to a high
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degree of accuracy over much larger areas than field plots and in the case of terrestrial
scanners, can deliver more accurate estimations of biomass volume than could be
determined from allometric equations as used extensively in this thesis.
6.5.2 Belowground affairs
Despite the now growing body of observations of the growth, structure and
diversity of woodlands in the Miombo, there remains a relative dearth of observations
of the ecological and biogeochemical processes occurring belowground. This is
limiting when considering the role of several key species traits in determining tree
demographic rates in Miombo woodlands. As discussed previously, the role of ECM
associations is both poorly understood and poorly observed (Ba et al. 2012) but
potentially of great importance. Despite increasing availability of allometric data for
aboveground biomass (Guedes, Sitoe, and Olsson 2018), there are relatively few
observations of the physical characteristics of tree root systems owing largely to the
destructive and time-consuming methods needed to assess root systems (Chidumayo
2013). Further studies that link root: stem biomass (Ryan, Williams, and Grace 2011)
and above and belowground biomass to tree diameter and height (Mugasha et al.
2013) are required, particularly in disturbed and recovering woodlands (Chidumayo
2013). Species belonging to several key genera in the Miombo reproduce clonally and
tend to resprout extensively following disturbance. Observations elsewhere in Africa
have indicated that this trait is advantageous in response to disturbance (Wakeling
and Bond 2007) and hypothetically also in response to eCO2 (Stevens et al. 2016).
The importance of this trait as a determinant of response of Miombo to local and global
change is however poorly known. Fire associated with disturbance processes has
been observed to cause increased mortality regardless of resprouting ability, whilst
outright nutrient limitation potentially limits responses to global change (Stevens et al.
2016). These considerations may be critical to developing understanding of the limits
of the Miombo woodlands’ (apparently very strong) ability to respond to disturbance in
this region.
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6.6 Existing contributions to the field of research
6.6.1 Pantropical variability in tree crown allometry
Over the course of fieldwork in Mozambique and Tanzania I was able to collect
Tree trait data for 544 trees and 17 common Miombo species, including diameter at
breast height, tree height, canopy dimensions and bark thickness (2x at 35 cm height).
Tree size and crown allometric data was subsequently used as two of 245 data sites
in a publication which identified continental variation in tree canopy allometric ratios
(Loubota Panzou et al. 2021).
6.6.2 Diversity and Structure of an Arid Woodland in Southwest Angola
Data I collected and cleaned from the plots in Mozambique and cleaned from
plots in Kilwa was used by University of Edinburgh PhD candidate John Godlee to
publish his paper comparing the structure and species composition of plots in Angola
(in the extreme West of the Miombo ecoregion) to sites in the wetter Eastern extent of
the ecoregion (Godlee et al. 2020).
6.6.3 Stakeholder Report Tanzania
An abridged version of the work in Chapter 4 was contributed to a stakeholder
report being released in Tanzania with a particular focus on the development and
monitoring of Community Based Forest Management. This report was co-ordinated by
Dr Antje Ahrends of the University of Edinburgh, Dr Nicole Gross-Camp and the United
Nations Environment Program World Conservation Monitoring Centre.
6.6.4 Gorongosa National Park – Cyclone Experiment (CyclEx)
Permanent Sample Plot (PSP) data used in Chapters 3 and 4 were established
by myself between August and October 2019 as part of the CYCLone EXperiment
(CyclEx), funded by a National Environmental Research Council (NERC) urgency
grant led by Casey Ryan and Sam Bowers. The aim of this project was to establish
PSPs for observation of the initial damage and long term response of woodlands. PSP
level data from this study is publicly available (the full stem level data embargoed until
1st October 2021) on the NERC Environmental Information Data Centre (EIDC).
6.6.5 Socio-ecological observatory for southern African woodlands (SEOSAW)
All PSP data gathered and processed by myself (either re-measurements of
existing plots or establishment of new plots) is contributed to the Socio-ecological
observatory for southern African woodlands (SEOSAW 2020) data repository
(https://seosaw.github.io/data.html). In terms of field data creation this amounts to
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establishment of eight 1 ha PSPs and re-measurement of seven 1 ha PSPs inside/in
the buffer zone of Gorongosa National Park, Mozambique. I also took part in the remeasurement of four 1 ha PSPs in Kilwa District, Tanzania and co-ordinated data entry
and management for the 19 re-measured plots in 2017/2018. In addition, learning from
plot surveys (including approaches for photographic drone survey) was contributed to
the

SEOSAW

plot

design

and

stem

measurement

protocol

(https://seosaw.github.io/manuals.html).
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